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Abstract
The spread of extended-spectrum beta-lactamases (ESBLs) in nosocomial and community-acquired
enterobacteria is an important challenge for clinicians due to the limited therapeutic options for
infections that are caused by these organisms. The epidemiology of these infections is complex and
combines the expansion of mobile genetic elements with clonal spread. Insu�cient empirical therapy for
serious infections caused by these organisms is independently associated with increased mortality. Here,
we developed an ESBL coding gene panel, evaluated the abundance and prevalence of ESBLs encoding
genes in patients undergoing H. pylori eradication therapy, and summarized the effect of eradication
therapy on gut microbiome functional pro�les. To assess the repertoire of known beta lactamase (BL)
genes, we divided them in clusters according to their evolutionary relation, designed primers for
ampli�cation of cluster marker regions and assessed e�ciency of this ampli�cation panel on 120 fecal
samples acquired from 60 patients undergoing H. pylori eradication therapy. In addition, fecal samples
from additional 30 patients were used to validate the detection e�ciency of designed ESBL panel. The
presence for majority of targeted clusters was con�rmed by NGS of ampli�cation products. Metagenomic
sequencing revealed that the abundance of ESBL genes within the pool of microorganisms was very low.
The global relative abundances of the ESBL-coding gene clusters did not differ signi�cantly across the
treatment states. However, at the level of each cluster, classical ESBL producers, such as Klebsiella sp. for
blaOXY (p = 0.0076), Acinetobacter sp. for blaADC (p = 0.02297), and others, differed signi�cantly with a
tendency to decrease compared to the pre- and post-eradication states. Only 13 clusters were common
among all three datasets, suggesting a patient-speci�c prevalence pro�le of ESBL-coding genes. The
number of AMR genes detected in the post-eradication state was higher than that in the pre-eradication
state, which at least partly might be attributed to the therapy. This study demonstrated that the ESBL
screening panel was e�cient for targeting ESBL-coding gene clusters from bacterial DNA and that minor
differences exist in the abundance and prevalence of ESBL-coding gene levels before and after
eradication therapy.

1. Introduction
Appropriate and inappropriate use of antimicrobials is a well-established driver of resistance (Arcilla et al.,
2017; El Salabi et al., 2013; Oo et al., 2022) because it can facilitate the selection of resistant bacteria
(Mulder et al., 2021; von Wintersdorff et al., 2016) by opening an ecological niche where resistant
pathogens can �ourish (Colson et al., 2021). Several steps have been suggested to slow down the
emergence of resistance and preserve antimicrobial e�ciency. These included controlled usage of
antibiotic agents in farming, development of strategies to prevent illnesses, improved antibiotic usage
strategies, development of novel antimicrobial agents, and others (Alghamdi, 2021; Colson et al., 2021).
Therefore, new technologies and improved diagnostics are required to tackle at least some of the
aforementioned issues and ensure that antimicrobial agents are only used when necessary.

Beta-lactam antimicrobial agents, which contain a β-lactam ring in their molecular structure, are the most
common treatment option for bacterial infections. However, bacteria that produce beta-lactamase (BL)
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enzymes can inactivate these antibiotic agents by hydrolyzing the amide bond in the β-lactam ring
(Shaikh et al., 2015), thus compromising the effectiveness of empirical treatment. This inactivation
mechanism is employed by a variety of gram-negative bacteria, from such genus as Escherichia,
Klebsiella, Pseudomonas, Acinetobacter, Citrobacter, Proteus and others (Aldrazi et al., 2019; Iredell et al.,
2016; Ouchar Mahamat et al., 2019; Xia et al., 2016). Constant exposure of bacterial strains to a
multitude of beta-lactam antimicrobials has evoked dynamic and continuous production and mutation of
BL in these bacteria, thus expanding their activity (Paterson and Bonomo, 2005). These enzymes are
known as extended-spectrum BLs (ESBL), and they confer multi-drug resistance to an extended range of
beta-lactam antibiotics, including penicillin, amoxicillin, cephalosporin, and others (Aldrazi et al., 2019;
Sanjit Singh et al., 2017). BL and ESBL genes are often carried by highly mobile plasmids or other types
of mobile genetic elements. The clonal spread of these elements’ harbors resistance genes to other
bacterial species, further limiting the treatment options for infections caused by ESBL-producing bacteria
(Aldrazi et al., 2019; Shaikh et al., 2015). Infections caused by ESBL producers are associated with poor
outcomes (Lindblom et al., 2019) and increased mortality (Schwaber et al., 2006; Tumbarello et al., 2006).

ESBLs are widespread worldwide, and it has been estimated that more than 1.5 billion people have been
colonized with ESBL-producing bacteria (Doi et al., 2017; Woerther et al., 2013) with the highest rates in
Western Paci�c, Eastern Mediterranean and Southeast Asia and lowest in America and
Europe(Schoevaerdts et al., 2012; Woerther et al., 2013). In general terms, the highest prevalence of this
burden is in developing countries, but the spread of ESBL-producing microorganisms is also increasing in
developed countries (Doi et al., 2017). Furthermore, antimicrobial use has been reported as an additional
risk factor for infections by ESBL-producing bacteria among international travelers (Arcilla et al., 2017;
Hassing et al., 2015; Reuland et al., 2016; Ruppé et al., 2018; Wuerz et al., 2020) paving the way for further
global spread of the ESBLs. Therefore, understanding the dynamics and prevalence status of the various
ESBL encoding genes is crucial for the development of effective control measures, including the
prevention of ESBL transmission and decolonization of carriers.

Helicobacter pylori is a chronic gastric pathogen that frequently colonizes the mucosal layers and causes
dyspeptic symptoms of variable severity (Malfertheiner et al., 2017). The prevalence of H. pylori amounts
up to 70% in developing countries (Hooi et al., 2017), although the incidence of infection varies regionally
(Malfertheiner et al., 2017). The current �rst line treatment for H. pylori infection consists of a proton
pump inhibitor (PPI) and a combination of two antibiotics, among which are amoxicillin, clarithromycin,
or metronidazole. These are consumed daily for 7–14 days (Malfertheiner et al., 2017; Suzuki et al.,
2010). Within the eradication scheme PPI is used to increase intragastric pH to keep H. pylori in a
replicative vegetative phase (Ierardi et al., 2019), clarithromycin is a macrolide class antimicrobial agent
used to inhibit bacterial protein synthesis(Hassounah et al., 2016) and amoxicillin is a beta-lactam class
antimicrobial agent used to inhibit the bacterial cell wall biosynthesis(Karaman, 2015). In addition, since
amoxicillin is a broad-spectrum antibiotic used to treat upper and lower respiratory tract, skin and other
infections (Castle, 2007), its global consumption rate is increasing rapidly (Browne et al., 2021).
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To date, most of the studies have focused exclusively on the main producers of ESBLs, such as
Escherichia coli, Klebsiella pneumoniae, Klebsiella oxytoca and others to explore the prevalence of ESBL
genes in clinical samples. Therefore, in this study we developed a screening panel targeting ESBL genes
and used targeted and shotgun sequencing methodologies to investigate the abundance and prevalence
of ESBL-coding genes in samples from patients undergoing H. pylori �rst-line triple antibacterial
eradication therapy. In addition, we estimated the entire resistome pro�le of the study participants before
and after H. pylori eradication therapy. To our knowledge, this is the �rst study that presents an ESBL
screening panel that can identify a broad spectrum of ESBL coding genes that stems from a variety of
microbial groups.

2. Methods

2.1 Patients, sample collection and storage
In total, 90 individuals with positive H. pylori infection that met the following criteria were included in this
study: men and women aged 40–64; self-reported alcohol consumption 2–3 times per month or less; no
history of colon or rectum polyps since the age of 20 years, gallstones, gastric cancer, gastric resection,
alarm symptoms for digestive or any other diseases, type 2 diabetes, ulcerative colitis, Crohn’s disease,
coeliac disease, biliary cirrhosis, thyroid diseases, hepatitis B virus infection, or serious psychiatric
disorders. To diagnose H. pylori infection, the 13C-Urea breath test (Euroisotop, Germany) was performed.
A detailed questionnaire containing information such as age, BMI, history of diseases (e.g.,
gastrointestinal diseases, viral infections, autoimmune diseases, and cancer), and lifestyle habits was
collected from each study participant. Samples of 60 individuals, collected over two years, were used for
the experimental group of the ESBL panel, and samples of the remaining 30 individuals, collected over
one year, were used for the ESBL panel validation (Fig. 1).

Fecal samples were acquired from each recruited patient before starting the standard �rst-line H. pylori
eradication (HPE) therapy as well as one–two years after. Each patient was prescribed the following
medications twice a day for ten days: Esomeprazolum 40 mg, clarithromycinum 500 mg, and
amoxicillinum 1000 mg. All procedures followed institutional ethical standards, and written consent was
obtained from all patients before enrolling in the study.

In total, 180 samples were obtained within 30 minutes after defecation. Samples were transferred to the
OC-Sensor tube (Eiken Chemical Co, Japan), immediately homogenized, and stored at -80°C after further
treatment according to previously validated storage conditions (Gudra et al., 2019).

2.2 DNA extraction
Fecal samples from the OC-Sensor tubes were extracted using a single-use syringe and transferred to pre-
labelled 5 mL tubes. The excess OC-Sensor tube solvent from the samples was removed by lyophilization
for approximately 15 h in a Christ Alpha 1–2 LD Freeze Dryer (SciQuip Ltd., UK). DNA from the dry
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remnants of OC-Sensor samples was isolated using the FastDNA SPIN Kit for Soil (MP Biomedicals, USA)
according to the manufacturer’s guidelines.

2.3 ESBL gene cluster primer design
Known BL nucleotide sequences were obtained from the NCBI GenBank (accession date: 02.01.2018).
Primer design was performed separately on TEM BLs, as they formed a homogenous group that was
highly dissimilar from the rest of the BL sequences. Multiple alignments of the BL sequences were
obtained using MAFFT v.7.392 (Katoh et al., 2002). The number of pairwise non-gapped mismatches
between the BL sequences was calculated, and subsequent hierarchical clustering with complete linkage
was performed on the alignment. Clusters were de�ned at a distance cut-off of 0.1. For each cluster, we
identi�ed contiguous conserved regions in the alignment using the Shannon index, for which at least 10%
of the nucleotides would differ in each position. Regions longer than 17 bases were used in further
experiments.

For each cluster, all possible pairs of conserved regions were computed such that the interval between
regions in a pair was not longer than 500 bp. Each conserved region pair was scored by summing their
Shannon indices at each position and sorted by their scores in ascending order. Primers were then
designed on these region pairs with PRIMER3 v.2.4.0, by specifying PCR product sizes in the 200–500 bp
range (Untergasser et al., 2012). The best primer pairs for each cluster were evaluated by identifying the
potential binding sites in the original list of BL sequences. A site was regarded as a potential binding site
if there were up to three mismatches between the primer sequence and template. Additionally, no
mismatches with the template were allowed for the last �ve nucleotides at the 3' end of the primer. The
binding site algorithm was implemented using the SeqAn library (Reinert et al., 2017). Regions bound by
the primers were then aligned against the BL sequence database to evaluate potential off-target PCR
products, that is, sequences that mapped against multiple BL clusters. Primer pairs that that were
overlapping or forming PCR products shorter than 50 bp were identi�ed and pooled into separate
sequencing batches. The designed primers were synthesized by MetaBion (Metabion International AG
Ltd., Germany).

2.4 Sample preparation and targeted sequencing
Pools with equal molarities and volumes were prepared for primers targeting the ESBL-coding genes and
primers for the normalization of ESBL counts- primer pair Probio_Uni-F/Probio_Uni-R targeting 16S rRNA
gene V3 region (Milani et al., 2013). PCR ampli�cation of ESBL coding gene regions was performed using
a 10 µM custom designed primer pool (Supplementary 1), Phusion U Multiplex PCR Master Mix (Thermo
Fisher Scienti�c, USA), and GeneAmp® PCR System 9700 (Thermo Fisher Scienti�c, USA). The reaction
mixture was prepared according to the manufacturer’s recommendations, and the thermal conditions
were set as follows: 98°C for 30 s; 35 cycles of 98°C for 10 s, 55°C for 30 s, 72°C for 15 s; with a �nal
extension at 72°C for 7 m. The success of the reaction was then assessed by 1.2% agarose gel
electrophoresis. One hundred nanograms of the acquired amplicons were used for library generation
using the Ion Plus Fragment Library Kit (Thermo Fisher Scienti�c, USA) and the NucleoMag® NGS Clean-
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Up and Size Select kit (Macherey-Nagel, Germany) puri�cation modules. The quality and quantity of the
amplicons were assessed using an Agilent High Sensitivity DNA kit on an Agilent 2100 BioAnalyzer
(Agilent Technologies, USA).

Prior to emulsion PCR, each library was diluted to 12 pM and pooled for up to 18 libraries per sequencing
run. The Ion PGM™ Hi-Q™ View OT2 kit (Life Technologies, USA) and Ion OneTouch DL instrument (Life
Technologies, USA) were used for template generation. Sequencing was performed on an Ion 318 v2 chip
and Ion Torrent PGM machine using the Ion PGM™ Hi-Q™ View Sequencing kit (Life Technologies, USA).
All procedures were performed according to the manufacturer’s instructions, and each run was expected
to produce at least 80’000 reads per sample.

2.5 Sample preparation and shotgun sequencing
DNA samples for the shotgun metagenome analyses were normalized to an initial library input of 500 ng
and sheared using a Covaris S220 Focused-ultrasonicator (Covaris, USA) to reach an average size of
fragments 300 bp. Libraries with average insert sizes of 280 bp were prepared using MGIEasy Universal
DNA Library Prep Set V1.0, (MGI Tech Co., China) according to the manufacturer’s recommendations.
Quality control of the libraries was assessed using the Qubit High Sensitivity dsDNA assay kit on a Qubit
2.0 instrument (Thermo Fisher Scienti�c, USA) and the Agilent High Sensitivity DNA kit on an Agilent
2100 Bioanalyzer (Agilent Technologies, USA).

Sequencing depth was calculated to achieve at least 20 million reads per sample (paired end, read length
100 bp). Pooled and circularized libraries were used as templates for DNA nanoball (DNB) preparation.
DNBs were loaded onto the PE100 �ow cell using an automated DNB loading system. Libraries were
sequenced using the DNBSEQ-G400 sequencer and a DNBSEQ-G400RS High-Throughput Sequencing Set
(MGI Tech Co., China) according to the standard work�ow.

2.6 Data analysis of targeted ESBL coding genes
A sequencing platform-speci�c adapter clipping of the obtained raw reads was performed with Cutadapt
v.1.16 (Martin, 2011). Targeted sequencing data were then aligned against the curated BL sequence
database using Bowtie2 v.2.3.5.1, pre-set at very sensitive (Langmead and Salzberg, 2012). Host reads
from shotgun metagenomic sequencing data were �ltered using Bowtie2 prior to mapping against BL
sequences. 16S rRNA was quanti�ed with SortMeRNA v.2.1 (Kopylova et al., 2012) using 16S rRNA
sequences obtained from RNA central v10 (The RNAcentral Consortium et al., 2017) with search query
'rna_type: "rRNA" AND TAXONOMY: "9606" AND length: [19 TO 2000000000]'.

To classify sequencing reads into a speci�c ESBL cluster, we �rst created a classi�cation scheme as
follows: for each ESBL cluster, we identi�ed regions where we expected the PCR product to form. Each
putative product was aligned against all BL sequences to evaluate whether the product was speci�c to a
particular cluster. We regarded putative products as speci�c if they mapped against sequences from only
one cluster. Clusters were merged when a putative PCR product was speci�c to a set of clusters and if
such clusters were not discernible. If multiple PCR products were mapped against the same position
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within a cluster, we established the alignment score threshold as the minimum score from a set of true
positive alignments. An annotation table with cluster reference sequence IDs, start and end coordinates
of the corresponding primer product regions, and alignment score thresholds were generated. Sequencing
reads were assigned to clusters if overlapped with the coordinates in the annotation table and exceeded
the alignment score threshold. Putative PCR products were identi�ed using SeqAn, Pandas and Bowtie2.
An annotation table and Python script reading sample binary alignment map �les with the Pysam
package (https://github.com/pysam-developers/pysam) were used to quantify the read count in each
cluster for each sample. The read counts of each BL cluster were normalized to the read counts of the
16S rRNA gene of a particular sample.

2.7 Metagenome data analysis
Quality control and quality trimming of the obtained paired-end reads were performed using FastQC and
Trimmomatic v0.39 (Bolger et al., 2014) with a quality threshold of 20 and a minimum read length of 36.
Quality �ltered sequences were then aligned to the human genome reference GRCh37 (hg19, UID:2758)
and sequences matching the human genome were removed using Bowtie2 v.2.3.5.1 (Langmead and
Salzberg, 2012). The taxonomical pro�le of the metagenomic dataset was assigned using Kraken2
v.2.0.8 (Wood et al., 2019) and RefSeq database release 98 (O’Leary et al., 2016). De novo read
assembling into contigs was performed using the IDBA_UD (Peng et al., 2012) assembler with the k-mer
length of at least 50. Generated assembly was evaluated using metaQuast (Mikheenko et al., 2015). The
assembly database and the local alignment of input reads to assembly was performed using Bowtie2.
Open reading frame detection and subsequent annotation was performed using PROKKA v.1.14.6
(Seemann, 2014) with the manually curated Swiss-Prot UniProtKB (Consortium, 2019) database
(accessed 08.02.2021.). During the annotation, predictions of rRNA and tRNA, as well as contigs below
250 nt were excluded. Coordinates of predicted protein-coding features (CDS) were used for
quanti�cation against the assembly database using HTSeq (Anders et al., 2015) and the intersection-
nonempty resolution mode. Read counts were standardized based on the Transcripts Per Million method
(Wagner et al., 2012) using an in-house built python script. Subsequently, from annotation �les, CRISPR
annotation was removed while contig IDs with the respective product information were retained using in-
house built sed and awk scripts. Read counts were joined with the �ltered annotation by contig ID column
for each sample separately. Next, all samples were merged into a single dataset by annotation column
using the Pandas (The pandas development, 2020) library within the Python environment.

Contigs were used to predict the resistome pro�le of the study subjects using The Resistance Gene
Identi�er (RGI) v.5.1.1 along with the Comprehensive Antibiotic Resistance Database (CARD) (Alcock et
al., 2020) and the DIAMOND (Buch�nk et al., 2015) alignment tool. Results were gathered for each
sample obtained using the heat map function of RGI, by organizing resistance genes based on the
resistance mechanism and gene family. Additionally, hierarchical clustering was performed to cluster
samples based on their similarity.

2.8 Statistical analysis of taxonomical data
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Kraken reports were uploaded to the Pavian v.1.0.0 (Breitwieser and Salzberg, 2016) package and
taxonomic entries were �ltered out if the sum of the assigned sequences for the taxonomic clade across
the samples was below 200. Then, SIAMCAT v.1.9.0 (Wirbel et al., 2020) was used to evaluate the
association of microbial species between pre- and post-eradication states. Brie�y, the dataset of
taxonomical entities was separated into two groups: pre-eradication (designated as case) and post-
eradication (designated as control). The cut-off for the relative abundance of the species was set to
0.001. The association of microbial species between pre-and post-eradication states was determined
using the Wilcoxon test at a signi�cance level of p < 0.05, with the False Discovery Rate multiple
hypothesis correction method. In addition, log-transformed normalization was applied to the abundance
matrix of microbial species and the Area Under the Receiver Operating Characteristics Curve (AU-ROC)
was used as a non-parametric measure of the enrichment. All the acquired measures of association
between the pre- and post-eradication groups were visualized in the SIAMCAT association plot.

Furthermore, the dataset was divided into four groups: F-post-erad denoted subjects of the post-
eradication group with ineffective HPE; F-pre-erad denoted subjects of pre-eradication group with
ineffective HPE; S-post-erad denoted subjects of post-eradication group with successful HPE and S-pre-
erad denoted subjects of pre-eradication group with successful HPE. Alpha diversity metrics (Shannon,
Chao1 and Observed) were calculated and visualized using Phyloseq v.1.30.0 (McMurdie and Holmes,
2013). Pairwise comparisons of alpha diversity metrics between the treatment states using the Wilcoxon
rank sum test and the Holm P-value adjustment method were performed using the Vegan v.2.5-7
package. Non-metric multidimensional scaling was performed using Phyloseq.

2.9 Statistical analysis of amplicon data
The relative abundances of the ESBL clusters between the treatment states were compared using the two-
tailed paired t-test in the Vegan v.2.5-7 package. The Kruskal-Wallis test was used to assess the
signi�cance in the abundance of individual ESBL clusters between the pre- and post-eradication states
with the same package. To explore the clusters overlapping between datasets, cluster IDs which appeared
at least once in a sample were extracted from all three datasets. A Venn diagram was constructed using
the ggVennDiagram (Gao et al., 2021) v0.1.9 within the R environment.

2.10 Statistical analysis of functional data
UniprotKB entry IDs of the summarized annotation dataset were converted into Gene Ontology (GO) IDs
using the UniProt online Retrieve/ID mapping tool (https://www.uniprot.org/uploadlists/). The UniProtKB
entries which did not match any corresponding GO ID were removed from the dataset. Next, MaAsLin2
v1.8.0 (Mallick et al., 2021) was used to determine the association of the microbiome functional pro�le
with the treatment state. For the MaAsLin2 analysis, the q-value threshold for signi�cance was set to
0.05, the minimum abundance for each GO term was set to 50, the minimum percentage of samples for
which a GO term was detected at a minimum abundance was 25%, the random effect for the model was
set to the patient ID, and the �xed effect for the model was treatment state. The signi�cance of the
association was controlled using the Benjamini-Hochberg multiple testing correction method.
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2.11 Ethics Approval Statement
This study was approved by the Biomedical Ethics Committee of the Riga East University Hospital
Support Foundation, approval No. 13-A/13 from October 3, 2013.

3. Results
Out of the 180 samples, three failed during the ESBL-targeted amplicon PCR; therefore, these samples
with their respective pairs were discarded from further analysis. Thus, in total 174 samples (Table 1) were
sequenced. Targeted ESBL quanti�cation on samples from experimental group resulted in acquisition of
56’418’406 Ion Torrent PGM sequence reads (n = 120, in average 454’987 ± 131’587 reads per sample, two
years apart between pre- and post-eradication), while the same analysis on samples from validation
group resulted in acquisition of 20’273’116 Ion Torrent PGM sequence reads (n = 54, in average 375’428 ± 
178’727 reads per sample, one year apart between pre- and post-eradication) and 1’522’622’154 DNBSEQ-
G400 sequence reads (n = 54, in average 28’196’706 ± 3’943’687 sequences per sample, one year apart
between pre- and post-eradication).

3.1 Experimental setting: targeted ESBL analysis
The ESBL panel was designed to re�ect the prevalence and abundance of the most widely distributed
ESBL types. In total, 245 gene clusters encoding evolutionary related ESBLs-were targeted by designed
primer pool, and for the normalization of ESBL gene cluster counts, primers targeting the 16S rRNA gene
V3 region were added to pool (cluster names and respective primer sequences are shown in
Supplementary 1). After analysis of the obtained raw sequence data, 1’787 annotated microbial sources
containing strain or clinical isolate IDs with respective BL gene groups, classes, and gene titles were
obtained (Supplementary 2, sheet full annotation). Clusters with identical IDs were merged, and the
lowest common ancestor was designated as the microbial source (Supplementary 2, sheet merged
annotation). Thus, out of 245 targeted ESBL clusters, results were obtained for 265 ESBL clusters, from
which twenty clusters most likely represented sequence homology to similar BL gene clusters and were
thus assigned to multiple clusters. In the pre-eradication subgroup 89 ESBL clusters, while in the post-
eradication subgroup 106 ESBL gene clusters were not found in any of the study subject samples.

Considering the abundance of ESBL gene clusters in each sample, most clusters were absent, while the
presence of a particular ESBL cluster in each sample was mostly dispersed. On average each sample was
represented by 23 different ESBL gene clusters in the pre-eradication study group and by 22 different
ESBL gene clusters in the post-eradication study group.

Comparing the pre- and post-eradication subgroups, the most prevalent clusters (Fig. 2-A) were the blaEC

gene group for class C ESBL with the annotated source of Escherichia coli (pre = 87.98%, post = 91.11%),
the cblA gene group for class A BL with the annotated source of Bacteroides uniformis (pre = 3.56%, post 
= 5.44%), the blaMIR gene group for class C BL with the annotated source of Enterobacteriaceae (pre = 
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2.52%, post = 0.64%), and the blaACT gene group for class C BL with the annotated source of
Enterobacteriaceae (pre = 2.35%, post = 0.12%). The normalized averaged relative abundances of ESBL
genes between pre- and post-eradication subgroups did not differ signi�cantly (p = 0.5467). Next, we
assessed if non-averaged relative abundances of any speci�c BL cluster differed signi�cantly across the
treatment states. Thus, we identi�ed eight clusters that differed signi�cantly between the pre- and post-
eradication subgroups (Table 2, p < 0.05). Among these dominated the cluster of class A blaOXY group
ESBL genes with an annotated origin from 12 different Klebsiella oxytoca strains, which had a higher
relative abundance in the pre-eradication subgroup than in the post-eradication subgroup (p = 0.0076).
Similarly, abundance of another strain-rich (n = 4) cluster of the B1 subclass blaIMP group metallo-BL
genes with an annotated origin from Pseudomonas aeruginosa, P. �uorescens, P. putida and
Acinetobacter baumannii was identi�ed as a signi�cantly different between the treatment states.
However, for this one the relative abundance was noticeably lower than for previous. The relative
abundance of the B1 subclass blaIMP group metallo-BL genes was signi�cantly higher (p = 0.0424) in the
post-eradication subgroup than in the pre-eradication subgroup.

3.2 ESBL coding gene quanti�cation using the validation
group
The e�ciency of ESBL panel was validated through targeted and shotgun metagenomic sequencing of
DNA from another- independent sample group (54 samples from 27 individuals), which also included the
pre-and post-eradication subgroups to validate the experimental group of ESBL gene quanti�cation. To
provide results that are comparable to those of experimental group, we used the same ESBL reference
database as previously. Just like with previous group, in the case of the targeted sequencing data
analysis, we used read count of 16S rRNA gene V3 region to normalize ESBL quanti�cation data between
samples, while in the case of the shotgun metagenomic sequencing, the total count of 16S rRNA
sequence counts was used for the normalization.

Overall, sequencing and data analysis results for the validation group by targeted sequencing were
similar to those of the experimental group. In total, 254 ESBL clusters were targeted, but data analysis
resulted in identi�cation of 265 ESBL clusters, from which twenty showed sequence homology and thus
were assigned to multiple clusters. In total within the samples from pre-eradication subgroup we
identi�ed reads from 101 ESBL gene clusters, while within the samples from post-eradication subgroup
there were reads from 95 ESBL gene clusters. Considering the arithmetic mean of each ESBL gene cluster
within the respective eradication subgroup (Fig. 2-B), there were only seven clusters that exceeded the
0.05% abundance threshold, from which the most abundant ones were the C ESBL class blaEC group
genes (pre = 40.16%; post = 68.3%), the A BL class CblA family cblA group genes (pre = 32.86%; post = 
27.94%), and the A ESBL class blaOXY group genes (pre = 25.76%; post = 3.24%). The normalized average
relative abundance of the ESBL gene groups between the pre- and post-eradication subgroups did not
differ signi�cantly (p = 0.32464).
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In contrast, the analysis of data from shotgun metagenomics sequencing of validation group revealed
that only 15 ESBL gene clusters were found in all 54 samples taken together. These included blaR1,
blaCMY, cblA, blaACI, blaPLA, blaCKO, blaEC, blaSHV, blaOXY, three of blaACT, and three of blaOXA. However, their
allocation to different samples was mostly dispersed. Within the shotgun dataset, each sample was
represented by 13 different ESBL gene clusters in the pre-eradication subgroup and by 8 different ESBL
gene clusters in the post-eradication subgroup. Considering the arithmetic mean of all identi�ed ESBL
gene clusters in the pre- and post-eradication study subgroups (Fig. 2-C), 11 in the pre-eradication study
subgroup and only �ve in the post-eradication study subgroup exceeded the 0.1% abundance threshold
and the most abundant ones were the A BL class CblA family cblA group genes (pre = 56.04%, post = 
53.0%), A ESBL class blaACI group genes (pre = 20.35%, post = 1.75%), D BL class blaOXA group genes (pre 
= 12.02%, post = 32.13%), and C ESBL class blaEC group genes (pre = 9.62%, post = 12.46%). The
normalized average relative abundances of ESBL gene groups between the pre- and post-eradication
subgroups did not differ signi�cantly (p = 0.20919).

Further we assessed if the relative abundances of individual BL clusters differed signi�cantly across the
treatment states. Thus, within the targeted dataset, we identi�ed 10 BL gene clusters that displayed
signi�cant difference between the pre- and post-eradication subgroups (Table 2, p < 0.05). These included
cluster of various A ESBL class blaOXA group genes with the annotated origin of Achromobacter
xylosoxidans, subclass B3 metallo-BL L1 family blaL1 group gene with the annotated origin of
Stenotrophomonas maltophilia, and the oxacillin- hydrolyzing D BL OXA-443 class blaOXA group gene
with the annotated origin of the Ralstonia picketii PIC-1 strain. However, within the metagenomic dataset,
we were unable to identify any speci�c BL cluster that signi�cantly differed between the treatment states
and the most likely reason for that was the low number and low abundancy of identi�ed ESBL gene
clusters (p > 0.05).

We also quanti�ed the number of ESBL gene clusters that overlapped between the experimental, targeted
validation, and shotgun validation groups (Fig. 2D-F). Global comparison, for example, without
considering the pre- and post-eradication subgroups, revealed that 13 clusters were present in all three
groups (Fig. 2-D) (cblA, blaPLA, blaEC, blaACI, blaOXY, blaCMY, blaR1, three of blaOXA, and three of blaACT). The
highest number of shared ESBL gene groups was found between the experimental and targeted
validation datasets (Fig. 2-E). Conversely, the shotgun dataset contained notably lower amounts of ESBL
gene groups, resulting in lower coverage compared to the experimental dataset (Fig. 2-F). Thus, 69 ESBL
gene groups were found in between the experimental and targeted validation datasets, and only 6
common ESBL gene groups were found between the experimental and shotgun validation datasets.

3.3 Taxonomical characterization
Since our analyses involved metagenomic sequencing, we also explored the taxonomical and the
functional composition of patient samples before and after H. pylori eradication therapy. Detailed
taxonomic analysis of the experimental group samples (n = 120) is described in our previous publication
(Gudra et al., 2020), but to be brief we uncovered that the dominant genera in the pre-eradication study
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subgroup were Bacteroides (10.3%), Oribacterium (9.08%), Prevotella (6.16%) and Parasutterella (4.87%),
whereas in the post-eradication study subgroup – Bacteroides (9.75%), Streptomyces (7.75%),
Oribacterium (7.41%) and Prevotella (5.81%). Alpha and beta diversities did not differ signi�cantly
between the pre-and post-eradication subgroups (p > 0.05).

In the current validation group (n = 27) metagenomic data, 98.68 ± 1.24% of the taxonomical entries
belonged to bacteria, 0.33 ± 0.48% to viruses, and 0.0026 ± 0.003% to fungi and protozoa combined. A
detailed taxonomic summary is provided in Supplementary 3.1., but the most prevalent bacterial genera
in the pre-eradication subgroup were Bacteroides (37.73%), Faecalibacterium (11.86%), and
Bi�dobacterium (6.67%), whereas in the post-eradication subgroup dominated Bacteroides (44.95%),
Faecalibacterium (12.43%), and Alistipes (4.73%). We also found that at the species level, the most
prevalent bacteria in the pre-eradication subgroup were Faecalibacterium prausnitzii (13.45%),
Bacteroides vulgatus (10.38%), Bi�dobacterium adolescentis (4.89%), and Bacteroides uniformis (4.53%),
whereas in the post-eradication subgroup Faecalibacterium prausnitzii (14.21%), Bacteroides vulgatus
(13.35%), Bacteroides dorei (6.12%), and Bacteroides uniformis (6.11%). Furthermore, we also tested if
there was an association between the microbial species and treatment state and according to acquired
results 12 microbial species were found to be differentially abundant between the pre- and post-
eradication subgroups (Fig. 3). Out of these, two had increased relative abundance (E. bolteae,
padj.=0.049; E. lenta, padj.=0.003), and 10 displayed a decreased relative abundance (S. faecalis,
padj.=0.042; A. intestini, padj.=0.048; Olsenella sp. GAM18, padj.=0.01; A. fermentans, padj.=0.015; E. hirae,
padj.=0.003; B. angulatum, padj.=0.013; C. aerofaciens, padj.=0.042; T. succinifaciens, padj.=0.013; M.
funiformis, padj.=0.009; S. dextrinosolvens, padj.=0.022) in the post-eradication subgroup compared to
that in the pre-eradication subgroup.

Assessing Shannon and Chao1 indices and observed OTUs (Supplementary 3.2-A, Supplementary 3.3),
only the Shannon index differed signi�cantly between the pre- and post-eradication subgroups
(padj.=0.019). Furthermore, to assess the sample-to-sample variability, non-metric multidimensional
scaling was applied (Supplementary 3.2-B). Analysis revealed non-speci�c sample clustering at the
species level, suggesting mutual sample similarity irrespective of gender and treatment state.

3.4 Functional analysis of the metagenomic pro�le
Functional pro�les of samples across the treatment states were highly similar. The prevalent gene
products were tyrosine recombinase XerC (in both the pre- and post-eradication subgroups: 0.59%), TonB-
dependent receptor P3 (pre = 0.53%, post = 0.48%), adaptive response sensory kinase SasA (pre = 0.4%,
post = 0.45%), sensor histidine kinase RscC (pre = 0.32, post = 0.37%), and TonB-dependent receptor SusC
(pre = 0.32%, post = 0.25%) (Fig. 4). Furthermore, the UniProt IDs obtained were converted into Gene
Ontology (GO) annotations, and initial annotations that did not have the respective GO IDs were removed
from the dataset. Thus, in total 1’993 unique GO IDs were obtained. To assess the relationship between
the functional pro�le and treatment state, an association analysis was carried out, revealing 18 GO ID
entries that differed signi�cantly between the pre- and post-eradication subgroups (Supplementary 3.4).
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Signi�cant associations between GO IDs and treatment state were found for entities related to molecule
(GO:0035442, q-value = 0.012; GO:0034219, q-value = 0.012) and ion transport (GO:0006811, q-value = 
0.005; GO0042777, q-value = 0.012; GO:0015693, q-value = 0.013; GO:0006817, q-value = 0.043), several
biosynthetic processes (GO:0019242, q-value = 0.032; GO:0045226, q-value = 0.043), including cobalamin
(GO:0009236, q-value = 0.032) and dTMP (GO:0006231, q-value = 0.044) biosynthesis, the DNA
restriction-modi�cation system (GO:0009307, q-value = 0.012), metabolic processes (GO:0019568, q-
value = 0.044; GO:0006541, q-value = 0.044; GO:0019243, q-value = 0.032), DNA-templated transcription
and initiation (GO:0001123, q-value = 0.032), ribosomal small subunit biogenesis (GO:0042274, q-value = 
0.012), adenine salvage (GO:0006168, q-value = 0.044) and cellular phosphate ion homeostasis
(GO:0030643, q-value = 0.044). Notably, most of the signi�cant GO IDs entity abundances identi�ed were
increased in the post-eradication subgroup (n = 15), while only a few were increased in the pre-eradication
subgroup (n = 3). The GO entities that exhibited increased abundance in the pre-eradication subgroup and
decreased abundance in the post-eradication subgroup were related to ribosomal small subunit
biogenesis, DNA-templated transcription and initiation, and adenine salvage.

To reveal the diversity of antimicrobial resistance (AMR) genes found in the metagenomic sample set,
additional mapping against the CARD database was performed. Thus, we identi�ed 54 gene families
associated with AMR conferring �ve different resistance mechanisms (Supplementary 4). In total, 1’080
AMR genes were detected in the pre-eradication subgroup, from which 125 had 100% sequence similarity
and 955 had strictly signi�cant (≥95% identity) sequence similarity with the CARD reference database.
We detected 1’265 AMR genes in the post-eradication subgroup, from which 179 had 100% sequence
similarity and 1’086 had strict (≥95% identity) sequence similarity with the CARD reference database.
AMR genes present in at least 70% of samples per each treatment state (n = 20) were antibiotic target
alteration genes ErmB and ErmF; antibiotic inactivation genes chloramphenicol acetyltransferase, aadS
and lnuC; antibiotic e�ux genes Mef(En2), tet(40), and adeF; antibiotic target alteration gene rpoB;
antibiotic target protection genes tet(W/N/W), tet32, tetM, tetO, tetQ, and tetW; and antibiotic target
replacement gene dfrF. AMR genes present in all patient samples in the pre-eradication subgroup were
antibiotic e�ux gene adeF, antibiotic target protection gene tetQ, and antibiotic target replacement gene
dfrF. In contrast, AMR genes present in all patient samples of the post-eradication study subgroup were
the antibiotic target alteration gene ErmF; antibiotic e�ux genes tet(40) and adeF; antibiotic target
protection genes tetO, tetQ, and tetW; and antibiotic target replacement gene dfrF. After applying a
hierarchical clustering analysis, 12 samples collected from different individuals and within the cluster of
samples showed a similar reservoir of detected AMR genes. Only two study subjects had respective
samples of the pre- and post-eradication subgroups. The detected gene groups included rifamycin-
resistant beta-subunit of RNA polymerase (rpoB) genes, resistance-nodulation-cell division antibiotic
e�ux pump genes, pmr phosphoethanolamine transferase genes, multidrug and toxic compound
extrusion transporter genes, major facilitator superfamily antibiotic e�ux pump genes, macrolide
phosphotransferase genes, ampC-type BL genes, general bacterial porins with reduced permeability to BL
genes, ATP-binding cassette antibiotic e�ux pump genes, and others.
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4. Discussion
The misuse of antibiotics has resulted in a rapid increase in antimicrobial resistance among clinically
relevant microorganisms, particularly gram-negative bacteria (Al-Taw�q et al., 2020; Koulenti et al., 2019;
Maraki et al., 2020; Wang et al., 2017; Yusef et al., 2018). Resistance to beta-lactam antibiotic is an
emerging problem in health care due to the extremely limited therapeutic options. Additionally, resistance
to this group of antimicrobials is often associated with resistance to other drugs (Koulenti et al., 2019;
Tooke et al., 2019). The emergence of ESBL enzymes highlights the critical importance of understanding
how associated genes could change abundances in gastrointestinal microbiome under prolonged
antibiotic pressure. Since it is di�cult to study this phenomenon using culturomics based approaches
and subsequent detection of phenotypes, because the cultivation requirements for majority of
gastrointestinal microbiome representatives are not known, the only alternative is to employ molecular
biology approach. Therefore, we developed a panel for detection and long-term abundance and
prevalence assessment of BLs in H. pylori-infected patients before and after a single eradication event.

Within the samples of experimental sample group, we were able to identify majority of the targeted ESBL
clusters. However, there were also some BL gene clusters that were not detected by our panel. Although
the most obvious explanation to this would be the absence of target within the pool of extracted bacterial
DNA, it is also possible that in some cases the primer was primarily binding to off-target region due to
high sequence homology or failed to bind entirely to intended target due to such wet-lab related aspects
as incompatibility with employed annealing temperature. However, to evaluate the validity of these
speculations it would be necessary to perform detailed examinations involving qPCR or even digital
droplet PCR.

Acquired results revealed that most of BLs originated from gram-negative bacteria from genus
Enterobacteriaceae. This �nding is in agreement with results of several studies, which demonstrated that
the prevalence of ESBL-producing Enterobacteriaceae is increasing, even in healthy asymptomatic
individuals (Higa et al., 2019; Karanika et al., 2016), where it is believed to serve as a reservoir for the
spread of ESBLs. The most abundant and prevalent ESBLs within the experimental group were blaEC

from carbapenem-targeting class C ESBLs (Ur Rahman et al., 2018), the cephalosporinase gene cblA from
class A BL targeting ESBLs (Smith et al., 1994) and blaACI from class A ESBLs. (Ur Rahman et al.,
2018)As infections caused by ESBL producers are associated with increased mortality, length of hospital
stay, and increased treatment cost (Ahn et al., 2017; Coque et al., 2008; Sianipar et al., 2019), the
widespread identi�cation of ESBLs in our patient samples indicates that this is indeed a growing problem
in modern society. To date, a large proportion of ESBL types have been poorly characterized and the
focus is mainly on the clinically relevant ones. Therefore, decoding the effect of ESBLs in the host or
environment in the context of our study is challenging. However, large-scale ESBL gene identi�cation in
patient samples by the most sensitive molecular methods can still provide valuable information on their
epidemiology.
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Considering the abundance of ESBL clusters at the level of each sample, we found that most were absent
in the individual samples of all three datasets, with the lowest number of clusters found in samples from
the metagenomic dataset. While this might seem a striking result, we also observed that there are several
overlapping clusters between the datasets, possibly re�ecting the main population of ESBLs typical for
our patient group. Four of these clusters originated from class A, three from class C, one from class D,
and one from an unknown BL class. Furthermore, the number of ESBL clusters differed between the
treatment states. In all three groups (experimental, validation-targeted, and validation-metagenomic)–the
number of ESBL gene clusters was higher in the pre-eradication state than in the post-eradication state,
suggesting that during eradication therapy a proportion of ESBL producers might be eliminated, resulting
in an overall decrease in BL producers. Generally, monotherapy is used to treat common infections such
as pneumonia (Rossio et al., 2015) and urinary tract infections (Dowson et al., 2020), while dual
antimicrobial treatment is used for H. pylori. Therefore, it is plausible that the use of two types of
antimicrobial agents may have a synergistic effect that favors the reduction of BL producers (Schmid et
al., 2019). If true, it is possible that one of the ways to limit the spread of antimicrobial resistance would
be the simultaneous use of several antimicrobial agents, not only in the case of H. pylori infection, but
also in the case of other infectious diseases.

In this study, we were able to detect several ESBL clusters whose relative abundance differed signi�cantly
between the pre- and post-eradication states in both targeted datasets. The annotated taxonomic source
indicated that these ESBLs originated from Klebsiella sp. (Sarojamma and Ramakrishna, 2011),
Pseudomonas sp. (Laudy et al., 2017), Acinetobacter sp. (Abdar et al., 2019) Achromobacter
xylosoxidans (El Salabi et al., 2012), Stenotrophomonas maltophilia (Adegoke et al., 2017) and others.
Most of these are known ESBL producers, suggesting gastrointestinal carriage and asymptomatic
colonization by these organisms. While the top abundant BL groups were common between the treatment
states, the annotated taxonomic source of BLs differed between the experimental and targeted validation
groups, indicating, that resistance genes in the post-eradication group were uptaken from the
environment during the reestablishment of gut microbiome. If true, our �ndings suggest that in the future
greater emphasis should be paid to the development of novel products and procedures for controlled gut
microbiome reestablishment. These products should ensure that patients’ gut is colonized by non-
resistant microorganisms thus mitigating the situation where our microbiota serves as an ESBL reservoir.

Considering the prevalence of ESBL clusters, the highest number of clusters was found in the
experimental and targeted validation groups. The metagenomic dataset contained only a few ESBL gene
clusters, suggesting that ESBLs abundances are at very low level. A precise analysis of the presence or
absence of each cluster is possible by amplifying the perspective BLs or by increasing the target read
count in metagenomic analyses. However, the ampli�cation step within ESBL panel-based sequencing
library preparation might induce bias in the abundance of certain ESBL gene clusters, especially those
that share sequence homology.

In this study, we also evaluated the effect of H. pylori eradication therapy on the taxonomic composition
of the gut microbiome using data obtained from the shotgun metagenomic sequencing analysis. The
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microbiome diversity rate was signi�cantly higher in the pre-eradication state than in the post-eradication
state. This observation agrees with literature data, which suggests that the gut microbiota is signi�cantly
altered immediately after eradication therapy and gradually restores to baseline parameters over the time;
however, certain alterations may persist up to a year after completing an eradication therapy (Gudra et al.,
2020; Liou et al., 2019; Martín-Núñez et al., 2019; Yap et al., 2016). While we observed that diversity was
lower in the post-eradication state than in the pre-eradication state, we did not observe signi�cant
changes in the beta diversity analysis, suggesting that the global composition of microbial communities
between the pre- and post-eradication states was highly similar. However, during the association analysis,
the abundance of certain microbial species varied between the pre- and post-eradication states. For
instance, in the pre-eradication subgroup, we observed increased levels of Acidaminococcus intestinalis,
which has been previously shown to be increased in overweight adults (Palmas et al., 2021). Similarly, we
detected increased levels of Collinsella aerofaciens and Treponema succinifaciens in the pre-eradication
subgroup. The former has been associated with low dietary �ber intake (Gomez-Arango et al., 2018),
whereas the later was enriched in traditional rural populations (Angelakis et al., 2019). Altogether, minor
differences exist in the composition of the microbiome between the pre- and post-eradication states,
although these differences could be more related to the diet and general state of health and not to the
eradication therapy itself. In our previous study (Gudra et al., 2020) we evaluated the long-term effects of
H. pylori eradication on the gut microbiome using patient samples from the current experimental group
and analyzed them by sequencing the V3 region of the 16S rRNA gene. In that study we found that the
gut microbiome was stable over two years and was more associated with subject-speci�c parameters,
such as age and medical history than to the eradication therapy itself. These results are comparable to
the current study concluding that in the long-term gut microbiome recovers after single antibiotic
intervention.

In addition to the evaluation and validation of the ESBL screening panel, we investigated the functional
pro�le and resistome of the microbiome. Thus, we were able to show that abundancy of several genes
was increased in the post-eradication state. These genes have a role in molecule and ion transport;
cobalamin and extracellular polysaccharide biosynthetic processes; and methylglyoxal, arabinose, and
glutamine metabolic processes. All the above-mentioned processes have a positive and bene�cial impact
on the human host, most profoundly in the case of cobalamin and extracellular polysaccharide synthesis.
Additionally, our data also suggests that abundance of several genes were decreased in the post-
eradication state. These genes have a role in the DNA restriction-modi�cation system, DNA-templated
transcription and initiation, and in ribosomal small subunit biogenesis. Their increased levels might be
associated with active bacterial reproduction and their genomic defense from invading foreign DNA. In
addition, since we detected minor differences in the abundance and prevalence of ESBL gene clusters
between the treatment states, we also evaluated the entire resistome pro�le. The number of AMR genes
detected in the post-eradication subgroup was higher than that detected in the pre-eradication subgroup.
Thus, it is apparent that the diversity of AMR genes has increased under the pressure of antimicrobial
therapy. There were three AMR genes that were present in all samples of the pre-eradication subgroup –
resistance-nodulation-cell division antibiotic e�ux pump gene adeF, tetracycline-resistant ribosomal
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protection protein gene tetQ, and trimethoprim resistant dihydrofolate reductase dfr gene dfrF, while four
were detected in all samples of the post-eradication subgroup: Erm 23S rRNA methyltransferase gene
ErmF, major facilitator superfamily antibiotic e�ux pump gene tet(40), and tetracycline-resistant
ribosomal protection protein genes tetO and tetW. Furthermore, the number of AMR genes that confer
resistance to macrolides increased in the post-eradication subgroup. In one study subject we were able to
detect Chlamydia trachomatis 23S rRNA with mutations conferring resistance to macrolide antibiotics,
such as clarithromycin, which was prescribed to the study participants in the current study. Although C.
trachomatis is commonly associated with sexually transmitted diseases (Malhotra et al., 2013), it has
also been shown that the human gastrointestinal tract might be a site of persistent infection by this
pathogen (Borel et al., 2018; Yeruva et al., 2013). Moreover, in the post-eradication state, we observed an
increase in the AMR gene families, macrolide esterase and macrolide phosphotransferase, both of which
contribute to macrolide antibiotic inactivation. Alterations in the number of AMR genes after H. pylori
eradication therapy have been reported in a few studies (Olekhnovich et al., 2019; Wang et al., 2021).
Nonetheless, little is known about the functional mechanisms of gut microbiome dynamics following
antibiotic treatment.

Despite all this wealth of knowledge this study had several limitations. First, some of the targeted ESBL-
coding gene clusters were absent in all patient samples and the reason behind their absence remained
ambiguous. Therefore, the developed primers that were targeting ESBL-coding gene clusters should be
further validated using such methods as RT-qPCR or digital droplet PCR. Next, while the validation group
was able to mimic the experimental group, greater patient involvement is needed to increase the
resolution of the diversity and abundance of ESBL and AMR coding genes, especially within the
metagenomic dataset. In this study, we also observed that some individuals remained H. pylori-positive
after eradication therapy, but the sample size was too small to con�rm this observation. Lastly, this study
did not evaluate resistance to the prescribed antibiotics, amoxicillin and clarithromycin, and did not
involve the genomic characterization of patients’ H. pylori. However, considering the high prevalence of H.
pylori in the Latvian population, we believe that such studies are of paramount importance and should be
addressed in the near future.

Our study suggests that NGS based large-scale ESBL coding gene screening panel can be used for
accurate population screening and surveillance of ESBL genes in symptomatic and asymptomatic
infections. The applicability of the currently developed methodology is not limited to ESBL encoding gene
determination in the gut microbiome of H. pylori-infected patients, but could also be potentially applied to
different samples, populations, and various infection cases that encounter increased resistance to
cephalosporins, amoxicillin, penicillin and other. In addition, these results suggest BL recolonization
during restoration of the gut microbiome, implying that greater microbiome control would be necessary
after antibiotic treatment. In conclusion, we believe that ESBL screening panel is suitable for screening
changes in prevalence of ESBL coding genes and in-depth research of the resistome is required to better
understand the reservoir of AMR genes in relation to antibacterial therapy, which in future could aid
clinicians when choosing antibacterial therapy.



Page 19/33

Declarations
Con�ict of Interest

None declared.

Author Contributions 

General design of the study: DF, ML, GS; funding acquisition: DF; data acquisition: DG, DP, GS, MU, KM,
RV; data analysis and statistics: DG, IS, JP, ID; interpretation of the data: DG, DF, IS, MU; drafting of the
manuscript: DG, DF, IS; critical revision of the manuscript: DG, DF.

Funding

The work was supported by the ERDF project No. 1.1.1.1/16/A/272 “Long term effects of
H. pylori eradication on Gastrointestinal tract microbiome and development of screening system for
detection of extended-spectrum beta-lactamase genes within feces samples”. 

Acknowledgments

Authors would like to thank the GISTAR project for providing biological material.

Data Availability Statement

Raw sequencing data were deposited in the European Nucleotide Archive under study accession No.
PRJEB48983. 

References
1. Abdar, M.H., Taheri-Kalani, M., Taheri, K., Emadi, B., Hasanzadeh, A., Sedighi, A., Pirouzi, S., Sedighi,

M., 2019. Prevalence of extended-spectrum beta-lactamase genes in Acinetobacter baumannii
strains isolated from nosocomial infections in Tehran, Iran. GMS Hyg Infect Control 14, Doc02–
Doc02. https://doi.org/10.3205/dgkh000318

2. Adegoke, A.A., Stenström, T.A., Okoh, A.I., 2017. Stenotrophomonas maltophilia as an Emerging
Ubiquitous Pathogen: Looking Beyond Contemporary Antibiotic Therapy. Frontiers in Microbiology .

3. Ahn, J.Y., Ann, H.W., Jeon, Y., Ahn, M.Y., Oh, D.H., Kim, Y.C., Kim, E.J., Song, J.E., Jung, I.Y., Kim, M.H.,
Jeong, W., Ku, N.S., Jeong, S.J., Choi, J.Y., Yong, D., Song, Y.G., Kim, J.M., 2017. The impact of
production of extended-spectrum β-lactamases on the 28-day mortality rate of patients with Proteus
mirabilis bacteremia in Korea. BMC Infect Dis 17, 327. https://doi.org/10.1186/s12879-017-2431-8

4. Alcock, B.P., Raphenya, A.R., Lau, T.T.Y., Tsang, K.K., Bouchard, M., Edalatmand, A., Huynh, W., Nguyen,
A.-L. V, Cheng, A.A., Liu, S., Min, S.Y., Miroshnichenko, A., Tran, H.-K., Werfalli, R.E., Nasir, J.A., Oloni,
M., Speicher, D.J., Florescu, A., Singh, B., Faltyn, M., Hernandez-Koutoucheva, A., Sharma, A.N.,
Bordeleau, E., Pawlowski, A.C., Zubyk, H.L., Dooley, D., Gri�ths, E., Maguire, F., Winsor, G.L., Beiko,



Page 20/33

R.G., Brinkman, F.S.L., Hsiao, W.W.L., Domselaar, G. V, McArthur, A.G., 2020. CARD 2020: antibiotic
resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids Res 48,
D517–D525. https://doi.org/10.1093/nar/gkz935

5. Aldrazi, F.A., Rabaan, A.A., Alsuliman, S.A., Aldrazi, H.A., Alabdalslam, M.J., Alsadiq, S.A., Alhani, H.M.,
Bueid, A.S., 2019. ESBL expression and antibiotic resistance patterns in a hospital in Saudi Arabia:
Do healthcare staff have the whole picture? J Infect Public Health.
https://doi.org/https://doi.org/10.1016/j.jiph.2019.12.001

�. Alghamdi, S., 2021. The role of vaccines in combating antimicrobial resistance (AMR) bacteria.
Saudi J Biol Sci 28, 7505–7510. https://doi.org/https://doi.org/10.1016/j.sjbs.2021.08.054

7. Al-Taw�q, J.A., Rabaan, A.A., Saunar, J. V, Bazzi, A.M., 2020. Antimicrobial resistance of gram-
negative bacteria: A six-year longitudinal study in a hospital in Saudi Arabia. J Infect Public Health.
https://doi.org/https://doi.org/10.1016/j.jiph.2020.01.004

�. Anders, S., Pyl, P.T., Huber, W., 2015. HTSeq—a Python framework to work with high-throughput
sequencing data. Bioinformatics 31, 166–169. https://doi.org/10.1093/bioinformatics/btu638

9. Angelakis, E., Bachar, D., Yasir, M., Musso, D., Djossou, F., Gaborit, B., Brah, S., Diallo, A., Ndombe,
G.M., Mediannikov, O., Robert, C., Azhar, E.I., Bibi, F., Nsana, N.S., Parra, H.-J., Akiana, J., Sokhna, C.,
Davoust, B., Dutour, A., Raoult, D., 2019. Treponema species enrich the gut microbiota of traditional
rural populations but are absent from urban individuals. New Microbes New Infect 27, 14–21.
https://doi.org/https://doi.org/10.1016/j.nmni.2018.10.009

10. Arcilla, M.S., van Hattem, J.M., Haverkate, M.R., Bootsma, M.C.J., van Genderen, P.J.J., Goorhuis, A.,
Grobusch, M.P., Lashof, A.M.O., Molhoek, N., Schultsz, C., Stobberingh, E.E., Verbrugh, H.A., de Jong,
M.D., Melles, D.C., Penders, J., 2017. Import and spread of extended-spectrum β-lactamase-producing
Enterobacteriaceae by international travellers (COMBAT study): a prospective, multicentre cohort
study. Lancet Infect Dis 17, 78–85. https://doi.org/https://doi.org/10.1016/S1473-3099(16)30319-X

11. Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a �exible trimmer for Illumina sequence data.
Bioinformatics 30, 2114–2120. https://doi.org/10.1093/bioinformatics/btu170

12. Borel, N., Marti, H., Pospischil, A., Pesch, T., Prähauser, B., Wunderlin, S., Seth-Smith, H.M.B., Low, N.,
Flury, R., 2018. Chlamydiae in human intestinal biopsy samples. Pathog Dis 76, fty081.
https://doi.org/10.1093/femspd/fty081

13. Breitwieser, F.P., Salzberg, S.L., 2016. Pavian: Interactive analysis of metagenomics data for
microbiomics and pathogen identi�cation. bioRxiv 84715. https://doi.org/10.1101/084715

14. Browne, A.J., Chipeta, M.G., Haines-Woodhouse, G., Kumaran, E.P.A., Hamadani, B.H.K.,Zaraa, S.,
Henry, N.J., Deshpande, A., Reiner Jr, R.C., Day, N.P.J., Lopez, A.D.,Dunachie, S., Moore, C.E.,
Stergachis, A., Hay, S.I., Dolecek, C., 2021. Global antibiotic consumption and usage in humans,
2000–18: a spatial modelling study. Lancet Planet Health 5, e893–e904.
https://doi.org/10.1016/S2542-5196(21)00280-1

15. Buch�nk, B., Xie, C., Huson, D.H., 2015. Fast and sensitive protein alignment using DIAMOND. Nat
Methods 12, 59–60. https://doi.org/10.1038/nmeth.3176



Page 21/33

1�. Castle, S.S., 2007. Amoxicillin, in: Enna, S.J., Bylund, D.B.B.T.T.C.P.R. (Eds.),. Elsevier, New York, pp. 1–
6. https://doi.org/https://doi.org/10.1016/B978-008055232-3.61222-X

17. Colson, A.R., Morton, A., Årdal, C., Chalkidou, K., Davies, S.C., Garrison, L.P., Jit, M., Laxminarayan, R.,
Megiddo, I., Morel, C., Nonvignon, J., Outterson, K., Rex, J.H., Sarker, A.R., Sculpher, M., Woods, B.,
Xiao, Y., 2021. Antimicrobial Resistance: Is Health Technology Assessment Part of the Solution or
Part of the Problem? Value in Health 24, 1828–1834.
https://doi.org/https://doi.org/10.1016/j.jval.2021.06.002

1�. Consortium, T.U., 2019. UniProt: a worldwide hub of protein knowledge. Nucleic Acids Res 47, D506–
D515. https://doi.org/10.1093/nar/gky1049

19. Coque, T.M., Baquero, F., Canton, R., 2008. Increasing prevalence of ESBL-producing
Enterobacteriaceae in Europe. Euro Surveill 13, 19044.

20. Doi, Y., Iovleva, A., Bonomo, R.A., 2017. The ecology of extended-spectrum β-lactamases (ESBLs) in
the developed world. J Travel Med 24, S44–S51. https://doi.org/10.1093/jtm/taw102

21. Dowson, L., Bennett, N., Buising, K., Marshall, C., Friedman, N.D., Stuart, R.L., Kong, D.C.M., 2020.
Urinary tract infections in Australian aged care homes: Antibiotic prescribing practices and
concordance to national guidelines. Am J Infect Control 48, 261–266.
https://doi.org/https://doi.org/10.1016/j.ajic.2019.08.034

22. El Salabi, A., Borra, P.S., Toleman, M.A., Samuelsen, Ø., Walsh, T.R., 2012. Genetic and biochemical
characterization of a novel metallo-β-lactamase, TMB-1, from an Achromobacter xylosoxidans strain
isolated in Tripoli, Libya. Antimicrob Agents Chemother 56, 2241–2245.
https://doi.org/10.1128/AAC.05640-11

23. El Salabi, A., Walsh, T.R., Chouchani, C., 2013. Extended spectrum β-lactamases, carbapenemases
and mobile genetic elements responsible for antibiotics resistance in Gram-negative bacteria. Crit
Rev Microbiol 39, 113–122. https://doi.org/10.3109/1040841X.2012.691870

24. Gao, C.-H., Yu, G., Cai, P., 2021. ggVennDiagram: An Intuitive, Easy-to-Use, and Highly Customizable R
Package to Generate Venn Diagram. Frontiers in Genetics .

25. Gomez-Arango, L.F., Barrett, H.L., Wilkinson, S.A., Callaway, L.K., McIntyre, H.D., Morrison, M., Dekker
Nitert, M., 2018. Low dietary �ber intake increases Collinsella abundance in the gut microbiota of
overweight and obese pregnant women. Gut Microbes 9, 189–201.
https://doi.org/10.1080/19490976.2017.1406584

2�. Gudra, D., Pupola, D., Skenders, G., Leja, M., Radovica-Spalvina, I., Gorskis, H., Vangravs, R., Fridmanis,
D., 2020a. Lack of signi�cant differences between gastrointestinal tract microbial population
structure of Helicobacter pylori-infected subjects before and 2 years after a single eradication event.
Helicobacter 25, e12748. https://doi.org/https://doi.org/10.1111/hel.12748

27. Gudra, D., Shoaie, S., Fridmanis, D., Klovins, J., Wefer, H., Silamikelis, I., Peculis, R., Kalnina, I., Elbere, I.,
Radovica-Spalvina, I., Hultcrantz, R., Šķenders, Ģ., Leja, M., Engstrand, L., 2019. A widely used
sampling device in colorectal cancer screening programmes allows for large-scale microbiome
studies. Gut 68, 1723 LP – 1725. https://doi.org/10.1136/gutjnl-2018-316225



Page 22/33

2�. Hassing, R.J., Alsma, J., Arcilla, M.S., van Genderen, P.J., Stricker, B.H., Verbon, A., 2015. International
travel and acquisition of multidrug-resistant Enterobacteriaceae: a systematic review.
Eurosurveillance 20. https://doi.org/https://doi.org/10.2807/1560-7917.ES.2015.20.47.30074

29. Hassounah, I.A., Shehata, N.A., Kimsawatde, G.C., Hudson, A.G., Sriranganathan, N., Joseph, E.G.,
Mahajan, R.L., 2016. Chapter 11 - Designing and testing single tablet for tuberculosis treatment
through electrospinning, in: Grumezescu, A.M.B.T.-F. and S.-A. of N. (Ed.),. William Andrew Publishing,
pp. 335–365. https://doi.org/https://doi.org/10.1016/B978-0-323-41533-0.00011-8

30. Higa, S., Sarassari, R., Hamamoto, K., Yakabi, Y., Higa, K., Koja, Y., Hirai, I., 2019. Characterization of
CTX-M type ESBL-producing Enterobacteriaceae isolated from asymptomatic healthy individuals
who live in a community of the Okinawa prefecture, Japan. Journal of Infection and Chemotherapy
25, 314–317. https://doi.org/https://doi.org/10.1016/j.jiac.2018.09.005

31. Hooi, J.K.Y., Lai, W.Y., Ng, W.K., Suen, M.M.Y., Underwood, F.E., Tanyingoh, D., Malfertheiner, P.,
Graham, D.Y., Wong, V.W.S., Wu, J.C.Y., Chan, F.K.L., Sung, J.J.Y., Kaplan, G.G., Ng, S.C., 2017. Global
Prevalence of Helicobacter pylori Infection: Systematic Review and Meta-Analysis. Gastroenterology
153, 420–429. https://doi.org/https://doi.org/10.1053/j.gastro.2017.04.022

32. Ierardi, E., Losurdo, G., Fortezza, R.F. La, Principi, M., Barone, M., Leo, A. Di, 2019. Optimizing proton
pump inhibitors in Helicobacter pylori treatment: Old and new tricks to improve effectiveness. World
J Gastroenterol 25, 5097–5104. https://doi.org/10.3748/wjg.v25.i34.5097

33. Iredell, J., Brown, J., Tagg, K., 2016. Antibiotic resistance in Enterobacteriaceae: mechanisms and
clinical implications. BMJ 352, h6420. https://doi.org/10.1136/bmj.h6420

34. Karaman, R., 2015. Chapter 5 - From Conventional Prodrugs to Prodrugs Designed by Molecular
Orbital Methods, in: Ul-Haq, Z., Madura, J.D.B.T.-F. in C.C. (Eds.),. Bentham Science Publishers,
pp. 187–249. https://doi.org/https://doi.org/10.1016/B978-1-60805-979-9.50005-6

35. Karanika, S., Karantanos, T., Arvanitis, M., Grigoras, C., Mylonakis, E., 2016. Fecal Colonization With
Extended-spectrum Beta-lactamase–Producing Enterobacteriaceae and Risk Factors Among Healthy
Individuals: A Systematic Review and Metaanalysis. Clinical Infectious Diseases 63, 310–318.
https://doi.org/10.1093/cid/ciw283

3�. Katoh, K., Misawa, K., Kuma, K., Miyata, T., 2002. MAFFT: a novel method for rapid multiple sequence
alignment based on fast Fourier transform. Nucleic Acids Res 30, 3059–3066.
https://doi.org/10.1093/nar/gkf436

37. Kopylova, E., Noé, L., Touzet, H., 2012. SortMeRNA: fast and accurate �ltering of ribosomal RNAs in
metatranscriptomic data. Bioinformatics 28, 3211–3217.
https://doi.org/10.1093/bioinformatics/bts611

3�. Koulenti, D., Song, A., Ellingboe, A., Abdul-Aziz, M.H., Harris, P., Gavey, E., Lipman, J., 2019. Infections
by multidrug-resistant Gram-negative Bacteria: What’s new in our arsenal and what’s in the pipeline?
Int J Antimicrob Agents 53, 211–224.
https://doi.org/https://doi.org/10.1016/j.ijantimicag.2018.10.011



Page 23/33

39. Langmead, B., Salzberg, S.L., 2012. Fast gapped-read alignment with Bowtie 2. Nat Methods 9, 357–
359. https://doi.org/10.1038/nmeth.1923

40. Laudy, A.E., Róg, P., Smolińska-Król, K., Ćmiel, M., Słoczyńska, A., Patzer, J., Dzierżanowska, D.,
Wolinowska, R., Starościak, B., Tyski, S., 2017. Prevalence of ESBL-producing Pseudomonas
aeruginosa isolates in Warsaw, Poland, detected by various phenotypic and genotypic methods.
PLoS One 12, e0180121.

41. Lindblom, A., KK, S., Müller, V., Öz, R., Sandström, H., Åhrén, C., Westerlund, F., Karami, N., 2019.
Interspecies plasmid transfer appears rare in sequential infections with extended-spectrum β-
lactamase (ESBL)-producing Enterobacteriaceae. Diagn Microbiol Infect Dis 93, 380–385.
https://doi.org/https://doi.org/10.1016/j.diagmicrobio.2018.10.014

42. Liou, J.-M., Chen, Chieh-Chang, Chang, C.-M., Fang, Y.-J., Bair, M.-J., Chen, P.-Y., Chang, C.-Y., Hsu, Y.-C.,
Chen, M.-J., Chen, Chien-Chuan, Lee, J.-Y., Yang, T.-H., Luo, J.-C., Chen, C.-Y., Hsu, W.-F., Chen, Y.-N., Wu,
J.-Y., Lin, J.-T., Lu, T.-P., Chuang, E.Y., El-Omar, E.M., Wu, M.-S., 2019. Long-term changes of gut
microbiota, antibiotic resistance, and metabolic parameters after Helicobacter pylori eradication: a
multicentre, open-label, randomised trial. Lancet Infect Dis 19, 1109–1120.
https://doi.org/10.1016/S1473-3099(19)30272-5

43. Malfertheiner, P., Megraud, F., O’Morain, C., Gisbert, J.P., Kuipers, E.J., Axon, A., Bazzoli, F., Gasbarrini,
A., Atherton, J., Graham, D.Y., Hunt, R., Moayyedi, P., Rokkas, T., Rugge, M., Selgrad, M., Suerbaum, S.,
Sugano, K., El-Omar, E., Agreus, L., Andersen, L.P., Coelho, L., Delchier, J.C., Di Mario, F., Dinis-Ribeiro,
M., Fischbach, W., Flahou, B., Fock, K.M., Gasbarrini, G., Gensini, G., Goh, K.L., Herrero, R., Kupcinskas,
L., Lanas, A., Leja, M., Machado, J.C., Mahachai, V., Milosavljevic, T., Niv, Y., Ristimaki, A., Tepes, B.,
Vaira, D., Vieth, M., You, W., 2017. Management of helicobacter pylori infection-the Maastricht
V/Florence consensus report. Gut 66, 6–30. https://doi.org/10.1136/gutjnl-2016-312288

44. Malhotra, M., Sood, S., Mukherjee, A., Muralidhar, S., Bala, M., 2013. Genital Chlamydia trachomatis:
an update. Indian J Med Res 138, 303–316.

45. Mallick, H., Rahnavard, A., McIver, L.J., Ma, S., Zhang, Y., Nguyen, L.H., Tickle, T.L., Weingart, G., Ren,
B., Schwager, E.H., Chatterjee, S., Thompson, K.N., Wilkinson, J.E., Subramanian, A., Lu, Y., Waldron, L.,
Paulson, J.N., Franzosa, E.A., Bravo, H.C., Huttenhower, C., 2021. Multivariable association discovery
in population-scale meta-omics studies. PLoS Comput Biol 17, e1009442.
https://doi.org/10.1371/journal.pcbi.1009442

4�. Maraki, S., Mavromanolaki, V.E., Stafylaki, D., Kasimati, A., 2020. Surveillance of antimicrobial
resistance in recent clinical isolates of Gram-negative anaerobic bacteria in a Greek University
Hospital. Anaerobe 62, 102173. https://doi.org/https://doi.org/10.1016/j.anaerobe.2020.102173

47. Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads.
EMBnet.journal; Vol 17, No 1: Next Generation Sequencing Data AnalysisDO – 10.14806/ej.17.1.200.

4�. Martín-Núñez, G.M., Cornejo-Pareja, I., Coin-Aragüez, L., Roca-Rodríguez, M. del M., Muñoz-Garach, A.,
Clemente-Postigo, M., Cardona, F., Moreno-Indias, I., Tinahones, F.J., 2019. H. pylori eradication with



Page 24/33

antibiotic treatment causes changes in glucose homeostasis related to modi�cations in the gut
microbiota. PLoS One 14, e0213548.

49. McMurdie, P.J., Holmes, S., 2013. phyloseq: An R Package for Reproducible Interactive Analysis and
Graphics of Microbiome Census Data. PLoS One 8, e61217.

50. Mikheenko, A., Saveliev, V., Gurevich, A., 2015. MetaQUAST: evaluation of metagenome assemblies.
Bioinformatics 32, 1088–1090. https://doi.org/10.1093/bioinformatics/btv697

51. Milani, C., Hevia, A., Foroni, E., Duranti, S., Turroni, F., Lugli, G.A., Sanchez, B., Martín, R., Gueimonde,
M., van Sinderen, D., Margolles, A., Ventura, M., 2013. Assessing the fecal microbiota: an optimized
ion torrent 16S rRNA gene-based analysis protocol. PLoS One 8, e68739–e68739.
https://doi.org/10.1371/journal.pone.0068739

52. Mulder, M., Arp, P.P., Kiefte-de Jong, J.C., Uitterlinden, A.G., Klaassen, C.H.W., Kraaij, R., Goessens,
W.H.F., Verbon, A., Stricker, B.H., 2021. Prevalence of and risk factors for extended-spectrum beta-
lactamase genes carriership in a population-based cohort of middle-aged and elderly. Int J
Antimicrob Agents 58, 106388. https://doi.org/https://doi.org/10.1016/j.ijantimicag.2021.106388

53. O’Leary, N.A., Wright, M.W., Brister, J.R., Ciufo, S., Haddad, D., McVeigh, R., Rajput, B., Robbertse, B.,
Smith-White, B., Ako-Adjei, D., Astashyn, A., Badretdin, A., Bao, Y., Blinkova, O., Brover, V., Chetvernin, V.,
Choi, J., Cox, E., Ermolaeva, O., Farrell, C.M., Goldfarb, T., Gupta, T., Haft, D., Hatcher, E., Hlavina, W.,
Joardar, V.S., Kodali, V.K., Li, W., Maglott, D., Masterson, P., McGarvey, K.M., Murphy, M.R., O’Neill, K.,
Pujar, S., Rangwala, S.H., Rausch, D., Riddick, L.D., Schoch, C., Shkeda, A., Storz, S.S., Sun, H.,
Thibaud-Nissen, F., Tolstoy, I., Tully, R.E., Vatsan, A.R., Wallin, C., Webb, D., Wu, W., Landrum, M.J.,
Kimchi, A., Tatusova, T., DiCuccio, M., Kitts, P., Murphy, T.D., Pruitt, K.D., 2016. Reference sequence
(RefSeq) database at NCBI: current status, taxonomic expansion, and functional annotation. Nucleic
Acids Res 44,
D733-45
. https://doi.org/10.1093/nar/gkv1189

54. Olekhnovich, E.I., Manolov, A.I., Samoilov, A.E., Prianichnikov, N.A., Malakhova, M. V, Tyakht, A. V,
Pavlenko, A. V, Babenko, V. V, Larin, A.K., Kovarsky, B.A., Starikova, E. V, Glushchenko, O.E., Sa�na,
D.D., Markelova, M.I., Boulygina, E.A., Khusnutdinova, D.R., Malanin, S.Y., Abdulkhakov, S.R.,
Abdulkhakov, R.A., Grigoryeva, T. V, Kostryukova, E.S., Govorun, V.M., Ilina, E.N., 2019. Shifts in the
Human Gut Microbiota Structure Caused by Quadruple Helicobacter pylori Eradication Therapy. Front
Microbiol 10, 1902. https://doi.org/10.3389/fmicb.2019.01902

55. Oo, W.T., Carr, S.D., Marchello, C.S., San, M.M., Oo, A.T., Oo, K.M., Lwin, K.T., Win, H.H., Crump, J.A.,
2022. Point-prevalence surveys of antimicrobial consumption and resistance at a paediatric and an
adult tertiary referral hospital in Yangon, Myanmar. Infection Prevention in Practice 4, 100197.
https://doi.org/https://doi.org/10.1016/j.infpip.2021.100197

5�. Ouchar Mahamat, O., Lounnas, M., Hide, M., Dumont, Y., Tidjani, A., Kamougam, K., Abderrahmane,
M., Benavides, J., Solassol, J., Bañuls, A.-L., jean-Pierre, H., Carrière, C., Godreuil, S., 2019. High
prevalence and characterization of extended-spectrum ß-lactamase producing Enterobacteriaceae in
Chadian hospitals. BMC Infect Dis 19, 205. https://doi.org/10.1186/s12879-019-3838-1



Page 25/33

57. Palmas, V., Pisanu, S., Madau, V., Casula, E., Deledda, A., Cusano, R., Uva, P., Vascellari, S., Loviselli, A.,
Manzin, A., Velluzzi, F., 2021. Gut microbiota markers associated with obesity and overweight in
Italian adults. Sci Rep 11, 5532. https://doi.org/10.1038/s41598-021-84928-w

5�. Paterson, D.L., Bonomo, R.A., 2005. Extended-Spectrum β-Lactamases: a Clinical Update. Clin
Microbiol Rev 18, 657 LP – 686. https://doi.org/10.1128/CMR.18.4.657-686.2005

59. Peng, Y., Leung, H.C.M., Yiu, S.M., Chin, F.Y.L., 2012. IDBA-UD: a de novo assembler for single-cell and
metagenomic sequencing data with highly uneven depth. Bioinformatics 28, 1420–1428.
https://doi.org/10.1093/bioinformatics/bts174

�0. Reinert, K., Dadi, T.H., Ehrhardt, M., Hauswedell, H., Mehringer, S., Rahn, R., Kim, J., Pockrandt, C.,
Winkler, J., Siragusa, E., Urgese, G., Weese, D., 2017. The SeqAn C + + template library for e�cient
sequence analysis: A resource for programmers. J Biotechnol 261, 157–168.
https://doi.org/10.1016/j.jbiotec.2017.07.017

�1. Reuland, E.A., Sonder, G.J.B., Stolte, I., al Naiemi, N., Koek, A., Linde, G.B., van de Laar, T.J.W.,
Vandenbroucke-Grauls, C.M.J.E., van Dam, A.P., 2016. Travel to Asia and traveller’s diarrhoea with
antibiotic treatment are independent risk factors for acquiring cipro�oxacin-resistant and extended
spectrum β-lactamase-producing Enterobacteriaceae—a prospective cohort study. Clinical
Microbiology and Infection 22, 731.e1-
731.e7
. https://doi.org/https://doi.org/10.1016/j.cmi.2016.05.003

�2. Rossio, R., Franchi, C., Ardoino, I., Djade, C.D., Tettamanti, M., Pasina, L., Salerno, F., Marengoni, A.,
Corrao, S., Marcucci, M., Peyvandi, F., Biganzoli, E.M., Nobili, A., Mannucci, P.M., 2015. Adherence to
antibiotic treatment guidelines and outcomes in the hospitalized elderly with different types of
pneumonia. Eur J Intern Med 26, 330–337.
https://doi.org/https://doi.org/10.1016/j.ejim.2015.04.002

�3. Ruppé, E., Andremont, A., Armand-Lefèvre, L., 2018. Digestive tract colonization by multidrug-
resistant Enterobacteriaceae in travellers: An update. Travel Med Infect Dis 21, 28–35.
https://doi.org/https://doi.org/10.1016/j.tmaid.2017.11.007

�4. Sanjit Singh, A., Lekshmi, M., Prakasan, S., Nayak, B.B., Kumar, S., 2017. Multiple Antibiotic-Resistant,
Extended Spectrum-β-Lactamase (ESBL)-Producing Enterobacteria in Fresh Seafood.
Microorganisms 5, 53. https://doi.org/10.3390/microorganisms5030053

�5. Sarojamma, V., Ramakrishna, V., 2011. Prevalence of ESBL-Producing Klebsiella pneumoniae Isolates
in Tertiary Care Hospital. ISRN Microbiol 2011, 318348. https://doi.org/10.5402/2011/318348

��. Schmid, A., Wolfensberger, A., Nemeth, J., Schreiber, P.W., Sax, H., Kuster, S.P., 2019. Monotherapy
versus combination therapy for multidrug-resistant Gram-negative infections: Systematic Review and
Meta-Analysis. Sci Rep 9, 15290. https://doi.org/10.1038/s41598-019-51711-x

�7. Schoevaerdts, D., Verroken, A., Huang, T.-D., Frennet, M., Berhin, C., Jamart, J., Bogaerts, P., Swine, C.,
Glupczynski, Y., 2012. Multidrug-resistant bacteria colonization amongst patients newly admitted to



Page 26/33

a geriatric unit: A prospective cohort study. Journal of Infection 65, 109–118.
https://doi.org/https://doi.org/10.1016/j.jinf.2012.02.004

��. Schwaber, M.J., Navon-Venezia, S., Kaye, K.S., Ben-Ami, R., Schwartz, D., Carmeli,Y., 2006. Clinical and
Economic Impact of Bacteremia with Extended- Spectrum-β-Lactamase-Producing
<em>Enterobacteriaceae</em> Antimicrob Agents Chemother 50, 1257 LP – 1262.
https://doi.org/10.1128/AAC.50.4.1257-1262.2006

�9. Seemann, T., 2014. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30, 2068–2069.
https://doi.org/10.1093/bioinformatics/btu153

70. Shaikh, S., Fatima, J., Shakil, S., Rizvi, S.M.D., Kamal, M.A., 2015. Antibiotic resistance and extended
spectrum beta-lactamases: Types, epidemiology and treatment. Saudi J Biol Sci 22, 90–101.
https://doi.org/10.1016/j.sjbs.2014.08.002

71. Sianipar, O., Asmara, W., Dwiprahasto, I., Mulyono, B., 2019. Mortality risk of bloodstream infection
caused by either Escherichia coli or Klebsiella pneumoniae producing extended-spectrum β-
lactamase: a prospective cohort study. BMC Res Notes 12, 719. https://doi.org/10.1186/s13104-019-
4751-9

72. Smith, C.J., Bennett, T.K., Parker, A.C., 1994. Molecular and genetic analysis of the Bacteroides
uniformis cephalosporinase gene, cblA, encoding the species-speci�c beta-lactamase. Antimicrob
Agents Chemother 38, 1711–1715. https://doi.org/10.1128/aac.38.8.1711

73. Suzuki, H., Nishizawa, T., Hibi, T., 2010. Helicobacter pylori eradication therapy. Future Microbiol 5,
639–648. https://doi.org/10.2217/fmb.10.25

74. The pandas development, T., 2020. pandas-dev/pandas: Pandas. Zenodo feb.
https://doi.org/10.5281/zenodo.3509134

75. The RNAcentral Consortium, Petrov, A.I., Kay, S.J.E., Kalvari, I., Howe, K.L., Gray, K.A., Bruford, E.A.,
Kersey, P.J., Cochrane, G., Finn, R.D., Bateman, A., Kozomara, A., Gri�ths-Jones, S., Frankish, A.,
Zwieb, C.W., Lau, B.Y., Williams, K.P., Chan, P.P., Lowe, T.M., Cannone, J.J., Gutell, R., Machnicka, M.A.,
Bujnicki, J.M., Yoshihama, M., Kenmochi, N., Chai, B., Cole, J.R., Szymanski, M., Karlowski, W.M.,
Wood, V., Huala, E., Berardini, T.Z., Zhao, Y., Chen, R., Zhu, W., Paraskevopoulou, M.D., Vlachos, I.S.,
Hatzigeorgiou, A.G., Ma, L., Zhang, Z., Puetz, J., Stadler, P.F., McDonald, D., Basu, S., Fey, P., Engel, S.R.,
Cherry, J.M., Volders, P.-J., Mestdagh, P., Wower, J., Clark, M.B., Quek, X.C., Dinger, M.E., 2017.
RNAcentral: a comprehensive database of non-coding RNA sequences. Nucleic Acids Res 45, D128–
D134. https://doi.org/10.1093/nar/gkw1008

7�. Tooke, C.L., Hinchliffe, P., Bragginton, E.C., Colenso, C.K., Hirvonen, V.H.A., Takebayashi, Y., Spencer, J.,
2019. β-Lactamases and β-Lactamase Inhibitors in the 21st Century. J Mol Biol 431, 3472–3500.
https://doi.org/https://doi.org/10.1016/j.jmb.2019.04.002

77. Tumbarello, M., Spanu, T., Sanguinetti, M., Citton, R., Montuori, E., Leone, F., Fadda,G., Cauda, R., 2006.
Bloodstream Infections Caused by Extended-Spectrum-β-Lactamase-Producing <em>Klebsiella
pneumoniae</em>: Risk Factors, Molecular Epidemiology, and Clinical Outcome. Antimicrob Agents
Chemother 50, 498 LP – 504.https://doi.org/10.1128/AAC.50.2.498-504.2006



Page 27/33

7�. Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B.C., Remm, M., Rozen, S.G., 2012.
Primer3–new capabilities and interfaces. Nucleic Acids Res 40, e115–e115.
https://doi.org/10.1093/nar/gks596

79. Ur Rahman, S., Ali, T., Ali, I., Khan, N.A., Han, B., Gao, J., 2018. The Growing Genetic and Functional
Diversity of Extended Spectrum Beta-Lactamases. Biomed Res Int 2018, 9519718.
https://doi.org/10.1155/2018/9519718

�0. von Wintersdorff, C.J.H., Penders, J., van Niekerk, J.M., Mills, N.D., Majumder, S., van Alphen, L.B.,
Savelkoul, P.H.M., Wolffs, P.F.G., 2016. Dissemination of Antimicrobial Resistance in Microbial
Ecosystems through Horizontal Gene Transfer. Frontiers in Microbiology .

�1. Wagner, G.P., Kin, K., Lynch, V.J., 2012. Measurement of mRNA abundance using RNA-seq data:
RPKM measure is inconsistent among samples. Theory in Biosciences 131, 281–285.
https://doi.org/10.1007/s12064-012-0162-3

�2. Wang, L., Yao, H., Tong, T., Lau, K.S., Leung, S.Y., Ho, J.W.K., Leung, W.K., 2021. Dynamic changes in
Antibiotic Resistance Genes and Gut Microbiota after H. Pylori Eradication Therapies. Res Sq.
https://doi.org/10.21203/rs.3.rs-777700/v1

�3. Wang, X., Peng, D., Wang, W., Xu, Y., Zhou, X., Hesketh, T., 2017. Massive misuse of antibiotics by
university students in all regions of China: implications for national policy. Int J Antimicrob Agents
50, 441–446. https://doi.org/https://doi.org/10.1016/j.ijantimicag.2017.04.009

�4. Wirbel, J., Zych, K., Essex, M., Karcher, N., Kartal, E., Salazar, G., Bork, P., Sunagawa, S., Zeller, G., 2020.
Microbiome meta-analysis and cross-disease comparison enabled by the SIAMCAT machine-learning
toolbox. bioRxiv 2020.02.06.931808. https://doi.org/10.1101/2020.02.06.931808

�5. Woerther, P.-L., Burdet, C., Chachaty, E., Andremont, A., 2013. Trends in human fecal carriage of
extended-spectrum β-lactamases in the community: toward the globalization of CTX-M. Clin
Microbiol Rev 26, 744–758. https://doi.org/10.1128/CMR.00023-13

��. Wood, D.E., Lu, J., Langmead, B., 2019. Improved metagenomic analysis with Kraken 2. bioRxiv
762302. https://doi.org/10.1101/762302

�7. Wuerz, T.C., Kassim, S.S., Atkins, K.E., 2020. Acquisition of extended-spectrum beta-lactamase-
producing Enterobacteriaceae (ESBL-PE) carriage after exposure to systemic antimicrobials during
travel: Systematic review and meta-analysis. Travel Med Infect Dis 37, 101823.
https://doi.org/https://doi.org/10.1016/j.tmaid.2020.101823

��. Xia, J., Gao, J., Tang, W., 2016. Nosocomial infection and its molecular mechanisms of antibiotic
resistance. Biosci Trends 10, 14–21. https://doi.org/10.5582/bst.2016.01020

�9. Yap, T.W.-C., Gan, H.-M., Lee, Y.-P., Leow, A.H.-R., Azmi, A.N., Francois, F., Perez-Perez, G.I., Loke, M.-F.,
Goh, K.-L., Vadivelu, J., 2016. Helicobacter pylori Eradication Causes Perturbation of the Human Gut
Microbiome in Young Adults. PLoS One 11, e0151893.
https://doi.org/10.1371/journal.pone.0151893

90. Yeruva, L., Spencer, N., Bowlin, A.K., Wang, Y., Rank, R.G., 2013. Chlamydial infection of the
gastrointestinal tract: a reservoir for persistent infection. Pathog Dis 68, 88–95.



Page 28/33

https://doi.org/10.1111/2049-632X.12052

91. Yusef, D., Babaa, A.I., Bashaireh, A.Z., Al-Bawayeh, H.H., Al-Rijjal, K., Nedal, M., Kailani, S., 2018.
Knowledge, practices & attitude toward antibiotics use and bacterial resistance in Jordan: A cross-
sectional study. Infect Dis Health 23, 33–40.
https://doi.org/https://doi.org/10.1016/j.idh.2017.11.001

Tables
Table 1. Descriptive summary of the patient-specific parameters.

Table 2. Significant distribution of BL genes among annotated bacterial sources from
patients comparing the pre- and post-eradication states.
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Figure 1

Study design. First line H. pylori eradication therapy consisted of esomeprazolum 40 mg,
clarithromycinum 500 mg and amoxicillinum 1000 mg, each twice per day for ten days.
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Figure 2

Relative abundance and proportion of common ESBL coding genes between the experimental, validation-
targeted, and validation-shotgun groups. Section A-C: relative ESBL coding gene prevalence pro�le in the
pre- and post-eradication samples of the analyzed datasets. For each dataset ESBL counts were
normalized against 16S rRNA gene V3 region bacterial counts and summarized by treatment state. For
visualization purposes, for the experimental (A) and targeted validation (B) groups, the abundance
threshold was set to 0.1%, and for the shotgun validation (C) group it was 0.0001%. Section D-F: Venn
diagram of the ESBL gene cluster counts observed in the experimental group and the validation group of
shotgun and targeted sequencing. Only gene clusters that appear at least once in the respective sample
group were included in the analysis. Abbreviations: ESBL – extended spectrum beta lactamases, BL –
beta lactamases, Exp – experimental group, Vtr – targeted validation group, Vsh – shotgun validation
group, Exp-pre – pre-eradication sample set of experimental group, Exp-post – post-eradication sample
set of experimental group, Vtr-pre – pre-eradication sample set of targeted validation group, Vtr-post –
post-eradication sample set of targeted validation group, Vsh-pre – pre-eradication sample set of shotgun
validation group, Vsh-post – post-eradication sample set of shotgun validation group.
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Figure 3

Signi�cantly associated microbial species between the pre- and post-eradication states (at a signi�cance
level p<0.05). Section A – differentially abundant microbial species between pre- and post-eradication
states; Section B – the signi�cance of the enrichment calculated by a Wilcoxon test with FDR multiple
hypothesis correction; Section C – generalized fold change of each signi�cantly associated microbial
species; Section D – the prevalence shift of each signi�cantly associated microbial species; Section E –
the Area Under the Receiver Operating Characteristics Curve (AU-ROC) as a non-parametric measure of
the enrichment.
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Figure 4

Top 50 most abundant gene products obtained by shotgun metagenomic sequencing between the pre-
and post-eradication states.
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