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Abstract

Background Species-level resolution is essential to understand gastric microbiome recovery after Helicobacter pylori
eradication, yet short-read 16 S rRNA approaches often obscure clinically relevant changes.

Methods Gastric biopsies from 121 adults in Bayan-Olgii, Mongolia (71 H. pylori-positive, 50 H. pylori-negative)

were analyzed, including nine paired pre- and post-eradication gastric biopsy samples collected six months apart,
enabling exploratory longitudinal analysis. Full-length 16 S rRNA (V1-V9) sequencing was performed using the Oxford
Nanopore platform with EMU taxonomic assignment (SILVA v138.1/NCBI RefSeq). Ecological changes were evaluated
using diversity indices, principal coordinates analysis (PCoA) with PERMANOVA, and differential abundance testing
(DESeq?2, FDR < 0.05). Eradication therapy (esomeprazole—bismuth—doxycycline—levofloxacin) achieved success in 54
of 57 H. pylori—positive patients (94.7%).

Results H. pylori-positive microbiomes were dominated by H. pylori (91.8% + 3.9%) and exhibited markedly reduced
diversity (Shannon=0.44+0.11) compared with H. pylori-negative samples (2.08 +0.25; p <0.001). Six months after
eradication, diversity increased significantly (2.17+0.20; p=0.0001), with enrichment of oral commensals including
Streptococcus mitis (1 11.9x), Neisseria elongata (1 13.7x), and Prevotella melaninogenica (1 13.0x). However, post-
eradication profiles at six months remained distinct from H. pylori-negative communities (PERMANOVA R?=0.12;
p=0.02). In total, 174 amplicon sequence variants changed significantly, including persistence of Fusobacterium
nucleatum.

Conclusions Nanopore full-length 16 S sequencing reveals fine-scale, clinically relevant shifts that are masked

by partial-gene assays. Eradication rapidly restores microbial diversity, but at six months, is associated with a novel
ecological equilibrium rather than complete normalization. This species-resolved approach offers a practical
framework for post-eradication microbiome monitoring and may inform strategies to reduce residual gastric cancer
risk in high-burden populations.
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Introduction

Helicobacter pylori is a gram-negative, microaerophilic
bacterium that persistently colonizes the human stomach
and is the principal cause of chronic gastritis, peptic ulcer
disease, and gastric cancer (GC) [1-3]. GC is the fifth
most common malignancy and the third leading cause of
cancer-related mortality worldwide [4]. Mongolia carries
the highest global burden, with an age-standardized inci-
dence rate of 35.5 per 100,000 and a mortality rate of 31.6
per 100,000, figures that are closely linked to the coun-
try’s exceptionally high prevalence of H. pylori infection
[5-7]. In addition, genomic analyses of Mongolian H.
pylori strains show distinct virulence gene patterns and
subgroups linked to carcinogenesis [8].

The stomach is now recognized to harbor a diverse
microbial community that plays essential roles in muco-
sal immunity, inflammation, and carcinogenesis [9, 10].
Chronic H. pylori infection markedly reduces micro-
bial diversity and alters community structure [11-13],
but the extent and pace of recovery following eradica-
tion—particularly at the species level—remain incom-
pletely defined [14, 15]. Recent longitudinal studies have
shown that although H. pylori eradication increases gas-
tric microbial diversity, the post-eradication community
does not fully revert to that of uninfected individuals
[16]. Instead, oral-associated taxa and non-H. pylori bac-
teria often become enriched, a shift linked to persistent
inflammation and residual risk of GC progression. The
broader ecological consequences of eradication on the
gastric microbiome therefore remain poorly understood,
especially in high-risk populations [7, 17].

Most post-eradication studies to date have been con-
ducted in Western or East Asian populations using short-
read 16 S rRNA sequencing, which typically targets only
partial regions (e.g., V3—V4). This approach limits taxo-
nomic resolution and often obscures species-level shifts
that may be critical for understanding gastric carcinogen-
esis [17, 18]. In contrast, full-length V1-V9 16 S rRNA
profiling with Oxford Nanopore sequencing captures the
entire gene, enabling more accurate species-level classi-
fication and detection of subtle community changes [19,
20]. Mongolia provides a unique model for such investi-
gations due to its distinct dietary patterns, host genetic
background, and exceptionally high risk of gastric cancer
[3, 6, 7]. Recent genomic work in the isolates from Mon-
golia further supports heightened oncogenic potential
tied to strain background [8]. Defining post-eradica-
tion microbial restructuring in this context may reveal
mechanisms of mucosal healing, identify biomarkers
predictive of long-term cancer risk, and inform microbi-
ome-targeted interventions such as probiotics or dietary
modification [21, 22].

Here, we applied full-length 16 S rRNA sequencing
on the Oxford Nanopore MinION platform to achieve
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species-level resolution of the gastric microbiome. We
analyzed paired gastric biopsies from Mongolian dys-
peptic patients before and six months after successful
H. pylori eradication, together with H. pylori—negative
controls. Our objectives were to (i) characterize baseline
microbial differences at the species level, (ii) assess diver-
sity recovery following eradication, and (iii) identify key
taxa driving community reassembly. To our knowledge,
this is the first high-resolution, longitudinal analysis of
the gastric microbiome in a high-risk Mongolian popu-
lation, providing insights critical for reducing long-term
gastric cancer risk after H. pylori eradication.

Materials and methods

Study population and sample collection

We enrolled 121 adult Mongolian patients with dyspep-
tic symptoms at Bayan-Olgii Provincial Hospital. Par-
ticipants ranged in age from 29 to 74 years (mean+ SD,
51.8+11.0 years) and included 62 females (51.2%) and 59
males (48.8%). None had received prior H. pylori eradi-
cation therapy. Exclusion criteria were: (i) history of gas-
tric surgery; (ii) use of antibiotics, bismuth compounds,
or proton-pump inhibitors within the preceding 4 weeks;
and (iii) significant systemic illness, including chronic
liver, renal, or autoimmune disease.

All participants underwent diagnostic upper gastro-
intestinal endoscopy. From each subject, paired gastric
biopsies were obtained from the antrum and corpus. For
each site, one biopsy was placed in transport medium
and another in RNAlater (Thermo Fisher Scientific,
USA), resulting in two vials per medium type. Additional
specimens were fixed in 10% neutral buffered formalin
for histological and immunohistochemical assessment of
gastritis, atrophy, and intestinal metaplasia. A separate
antral biopsy was immediately inoculated into the rapid
urease test (RUT) medium to evaluate Helicobacter pylori
urease activity. Biopsies preserved in RNAlater were
stored at — 80 °C until DNA extraction, whereas those in
transport medium were processed for H. pylori culture
under microaerophilic conditions. This multi-sample
allocation strategy was based on the Updated Sydney Sys-
tem, with minor modifications to accommodate microbi-
ome sequencing requirements [23].

H. pylori infection detection

At enrollment, H. pylori status was determined using
a combination of RUT and histology with IHC on
antral biopsies. RUT was performed immediately after
endoscopy according to the manufacturer’s instruc-
tions [24]. Histological evaluation included hematoxy-
lin—eosin staining for gastritis grading and detection
of curved bacilli, while IHC with a monoclonal anti-H.
pylori antibody was applied to enhance diagnostic sen-
sitivity and specificity [25]. Patients were classified as
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H. pylori—positive if either RUT or histology/IHC was
positive, and as H. pylori—negative only if all tests were
negative.

All RUT-positive patients were offered eradication
therapy. Eradication success was confirmed by stool anti-
gen testing at 2 months; in patients undergoing repeat
endoscopy, biopsy-based RUT was also performed at 6
months.

Histological evaluation

Biopsies were obtained from the greater curvature of the
antrum (~ 2 cm proximal to the pylorus) and the corpus
(8—10 cm distal to the gastroesophageal junction). Sam-
ples were fixed in 10% neutral-buffered formalin, paraf-
fin-embedded, and stained with hematoxylin—eosin and
May-Giemsa. Histological assessment was performed by
an experienced gastrointestinal pathologist blinded to H.
pylori status. Polymorphonuclear and mononuclear cell
infiltration, glandular atrophy, and intestinal metaplasia
(IM) were graded according to the Updated Sydney Sys-
tem [23], and atrophy was further staged using the Oper-
ative Link on Gastritis Assessment (OLGA) system [26].
Based on these criteria, participants were classified into
four histological categories: normal mucosa, gastritis,
atrophy, and IM.

H. pylori detection and eradication therapy

All RUT-positive patients were offered eradication ther-
apy consisting of esomeprazole (40 mg once daily) and
bismuth subsalicylate (524 mg twice daily) for 30 days,
combined with doxycycline (100 mg twice daily) and
levofloxacin (500 mg once daily) for 14 days.

This modified bismuth quadruple regimen was used as
the first-line therapy, selected based on local antibiotic
resistance data and consistent with international guide-
line recommendations for regions with high clarithromy-
cin resistance [27]. Eradication success was confirmed by
stool antigen testing at two months. Patients with persis-
tent infection were advised to undergo further manage-
ment, although second-line therapy was not included
within the scope of this study. A longitudinal subset
of nine successfully treated patients underwent repeat
endoscopy with gastric biopsy six months after eradica-
tion for microbiome analysis.

DNA extraction and 16 S rRNA gene sequencing

Microbial DNA was extracted from RNAlater-preserved
gastric biopsy specimens using the DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. DNA concentration was
measured using a Qubit 4 Fluorometer with the Qubit
dsDNA High Sensitivity Assay Kit (Thermo Fisher Sci-
entific, USA), and samples were normalized prior to
amplification.

Page 3 of 16

The full-length bacterial 16 S rRNA gene (~ 1.5 kb) was
amplified using universal primers 27 F (5'-AGAGTTT-
GATCMTGGCTCAG-3') and 1492R (5'-GGTTACCT
TGTTACGACTT-3’). Amplicons were prepared using
Oxford Nanopore barcoded amplicon library reagents
following the manufacturer’s protocol for full-length 16
S rRNA sequencing (Oxford Nanopore Technologies,
UK). Libraries were purified, quantified, pooled at equi-
molar concentrations, and loaded onto R9.4.1 flow cells
(FLO-MIN106D).

Sequencing was performed on a GridION sequenc-
ing device, which enables parallel operation of multiple
MinION flow cells, using MinKNOW v22.12.5. Runs
were conducted for approximately 48 h, depending
on sequencing yield. Basecalling was performed using
Guppy v6.4.6 in high-accuracy (HAC) mode. Negative
extraction controls and no-template PCR controls were
included throughout library preparation and sequencing
to monitor potential contamination.

Sequence processing and taxonomic assignment

Raw FASTQ reads were demultiplexed and adapter-
trimmed with Porechop v0.2.4, then quality- and size-
filtered using NanoFilt v2.8.0 (= 1 kb, Q > 10) [20].
High-quality reads were processed with the EMU pipe-
line (v3.2.3, 2023 release) for amplicon sequence vari-
ant (ASV) inference and chimera removal [16, 20].
Taxonomic assignment was performed against the SILVA
v138.1 (30) and NCBI RefSeq databases (Release 210,
July 2023) [28, 29]. To ensure balanced sequencing depth
across samples, the ASV table was rarefied to 10,000
reads per sample prior to analysis.

Microbiome analyses

Alpha diversity (Shannon and Simpson indices) and
Bray—Curtis beta diversity were calculated using the Phy-
loseq package v1.42.0 [30]. Principal coordinates analysis
(PCoA) was applied to visualize group separation, with
significance assessed by PERMANOVA [31]. Differential
abundance testing was performed in DESeq2 v1.38.0 [32]
using Wald tests with Benjamini—Hochberg false discov-
ery rate (FDR) correction [33], and taxa with FDR < 0.05
were considered significant. To explore ecological asso-
ciations, the 10 most prevalent taxa were transformed
using centered log-ratio with a pseudo-count of 1, and
pairwise Spearman correlations were calculated. Corre-
lations with |p| > 0.55 were retained to construct undi-
rected networks in igraph v1.5.0 [34] and visualized with
ggraph v4.3.1 (Table 1).

Results

A total of 121 adults with dyspepsia were enrolled and
underwent upper gastrointestinal endoscopy at Bayan-
Olgii Provincial Hospital. The cohort had a mean age
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Table 1 Demographic, endoscopic, and histological
characteristics of the study population
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Table 4 C. Paired Kyoto endoscopy scores before and 6 months
after H. pylori eradication

(A) Baseline demographics of 121 participants stratified by H. pylori
infection status showing no significant differences in age or sex distri-
bution between groups

(B) Kyoto endoscopy scores comparing H. pylori-negative and H.
pylori-positive individuals demonstrate significantly higher intestinal
metaplasia, enlarged folds, nodularity, and total Kyoto scores in the H.
pylori-positive group (p < 0.05)

(C) Paired analysis before and six months after eradication shows
marked improvement in diffuse redness and total Kyoto scores (p <
0.05)

(D) Distribution of histological stages according to OLGA and OLGIM
systems

(E) Histological grading of H. pylori density, inflammatory cell infiltration,
atrophy, and intestinal metaplasia in antrum, angle, and corpus before
and six months after eradication therapy. Data are presented as mean +
SD (0 =none, 1 = mild, 2 = moderate, 3 = severe). p values were calcu-
lated using the Wilcoxon signed-rank test for paired samples (n = 9)

Table 2 A. Baseline demographics by H. pylori status
Group (diagnostic) N Age (mean*SD) Sex, n (%) per
group

HP- (negative) 50 483+10.9 Female: 29 (58.0%)
| Male: 21 (42.0%)

HP+ (positive) 71 522+11.2 Female: 33 (46.5%)
| Male: 38 (53.5%)

Total baseline 121 51.8+11.0 Female: 62 (51.2%)

| Male: 59 (48.8%)

Table 3 B. Kyoto endoscopy scores at baseline by H. pylori status

Feature HP- HP+ All par- p sig

(mean+SD) (meanzSD) ticipants value
(mean*SD)

Atrophy 1.22+047 1.39+0.64 1.32+0.58 0.1157 ns

Intestinal 0.82+0.65 1.11+£084 0.98+0.78 0.0457 *

metaplasia

Diffuse 1.09+0.67 1.25+0.75 1.17+0.72 0.2577 ns

redness

Enlarged 0.20+0.40 0.41+0.50 032+047 00184 *

folds

Nodularity  0.09+0.29 0.23+042 0.17+0.38 0.0447 *

Total 342+1.51 439+231 3.96+2.07 00104 *

of 51.8+11.0 years (range, 29-74) and consisted of 62
females (51.2%) and 59 males (48.8%) (Table 2). Based on
combined rapid urease testing and histology, 71 patients
(58.7%) were classified as H. pylori—positive (HP+) and 50
(41.3%) as H. pylori—negative (HP-). The mean age was
52.2+11.2 years among HP+ individuals and 48.3+10.9
years among HP- individuals, indicating that infection
tended to occur in slightly older patients. Sex distribu-
tion was balanced across groups, with females compris-
ing 46.5% (33/71) of the HP+ group and 58.0% (29/50) of
the HP- group.

Feature Pre- 6 mo Post- p value sig
treatment treatment (paired)
(mean*SD) (mean*SD)

Atrophy 1.56+0.53 1.56+0.53 1.00 ns

Intestinal 1.57+053 122+0.83 1.00 ns

metaplasia

Diffuse redness 1.33+0.71 0.00+0.00 0.0080 **

Enlarged folds 1.00+0.00 0.00£0.00 0.0625 ns

Nodularity 1.00+0.00 0.22+044 1.00 ns

Total 480+252 3.00+1.58 0.0083 **

Endoscopic findings based on the Kyoto classification of

HP +and HP- participants

Endoscopic evaluation according to the Kyoto classifica-
tion of gastritis revealed marked differences between the
HP + and HP- groups [35]. Most HP+ patients exhibited
moderate-to-severe atrophic changes, with intestinal
metaplasia (IM) detected in 78.3% of cases, underscor-
ing the advanced mucosal remodeling associated with
chronic infection [6, 7, 23]. Quantitatively, the total Kyoto
gastritis score was significantly higher in HP+ than HP-
individuals (4.39 + 2.31 vs. 3.42 + 1.51; p = 0.01), confirm-
ing the stronger endoscopic evidence of gastritis among
infected patients (Table 3). Among individual Kyoto
components, intestinal metaplasia (p = 0.045), enlarged
folds (p = 0.018), and nodularity (p = 0.044) were all sig-
nificantly more frequent in the HP+ group, reflecting
the chronic mucosal injury and regenerative changes
characteristic of H. pylori infection. By contrast, diffuse
redness did not differ significantly between groups (p >
0.05), indicating that this feature alone was not a specific
marker of infection. In terms of severity, atrophy among
HP+ patients was graded as mild in 31.0%, moderate in
45.1%, and severe in 23.9%, whereas HP— patients pre-
dominantly exhibited mild or absent atrophy (p = 0.01).
Similarly, intestinal metaplasia was mild in 38.0%, mod-
erate in 29.6%, and severe in 10.7% of HP+ cases, while
nearly absent among HP- controls (p < 0.001) (Table 3).
These data demonstrate that both the extent and sever-
ity of mucosal transformation were markedly greater in
infected individuals, reflecting cumulative inflammatory
damage. Active gastritis, characterized endoscopically
by diffuse redness, mucosal swelling, and friability, pre-
dominated among HP+ patients, while inactive gastritis
or normal mucosa predominated in HP— controls. Repre-
sentative endoscopic views (Table 3) illustrate the antral
nodularity and enlarged folds typical of active H. pylori
infection compared with the smooth, pale mucosa of
uninfected subjects (Table 4).
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Correlation between endoscopic and histological findings
in HP + and HP- participants

Endoscopic observations correlated closely with histolog-
ical grading. Patients with higher Kyoto scores tended to
exhibit corresponding histological severity, with OLGA
and OLGIM stages > II observed mainly among those
with moderate-to-severe endoscopic atrophy or IM (p <
0.01) [35]. In contrast, HP— individuals with low Kyoto
scores usually showed Stage 0-I changes, indicating
minimal glandular loss or metaplasia. This concordance
between endoscopic and histological staging underscores
the reliability of the Kyoto classification in reflecting
underlying mucosal pathology in this Mongolian cohort
(Table 5).

Additional endoscopic observations

Other upper gastrointestinal findings highlighted the
clinical heterogeneity of this dyspeptic population. Gas-
troesophageal reflux disease (GERD) was noted in a
subset of patients—predominantly among HP- indi-
viduals—while bile reflux was occasionally observed in
both groups. A few patients exhibited superficial Can-
dida colonization, likely secondary to acid suppression or
altered mucosal environments. Together, these findings
emphasize the complex interplay between host factors,
microbial colonization, and environmental exposures in
shaping gastric mucosal health.

Microbial diversity based on the species level of HP + and
HP- participants

Of the 71 HP+ patients enrolled in this study, 57 com-
pleted the prescribed quadruple therapy regimen, and
eradication was successfully confirmed in 54 individuals
(94.7%) by stool antigen testing at 2 months; in those re-
scoped, biopsy-based RUT at 6 months. Among these,
nine patients provided paired gastric biopsy samples
at both baseline and six months post-treatment, allow-
ing for a longitudinal assessment of microbial recovery
dynamics following eradication.

Across all 121 gastric biopsy samples, the num-
ber of unique microbial taxa increased progressively
with finer taxonomic resolution—from 7 phyla and 14
classes to 60 genera and 121 species (Fig. 1). This step-
wise increase demonstrates the superior discriminatory
power of species-level profiling compared with higher
taxonomic ranks. Notably, genus-level analysis captured

Table 5 D. Distribution of OLGA and OLGIM stages at baseline

Stage OLGA n (%) OLGIM n (%)
0 82 (75.9%) 76 (70.4%)
| 20 (18.5%) 22 (20.4%)
I 5 (4.6%) 7 (6.5%)
Il 1(0.9%) 2(1.9%)
Y 0(0.0%) 1(0.9%)
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only about half of the distinct taxa resolved at the spe-
cies level, underscoring the advantage of full-length 16 S
rRNA sequencing for precise characterization of the gas-
tric microbiome. To assess within-sample diversity, alpha
diversity indices were compared before and after therapy.
A marked and statistically significant increase in micro-
bial diversity was observed following eradication. The
Shannon index rose from 0.46+0.10 before treatment
to 2.17+0.20 after eradication (p<0.001, paired ¢-test),
while the Simpson index increased from 0.22+0.07 to
0.81+0.08, reflecting a significant recovery in both rich-
ness and evenness (Fig. 5A—B).

These results indicate that H. pylori clearance enables
recolonization of the gastric niche by a broader set of
commensal taxa. Consistent with prior studies, this
rebound in diversity supports the concept of a partially
reversible dysbiosis following eradication therapy. PCoA
based on Bray—Curtis dissimilarity further revealed that
post-treatment communities shifted distinctly away
from the pre-treatment HP+ cluster and moved toward
the HP- group, demonstrating partial ecological resto-
ration of the gastric microbiome (Fig. 5C). To visualize
overall taxonomic patterns, relative abundance profiles
were examined across infection states. HP+ microbiomes
were overwhelmingly dominated by H. pylori, which
constituted 91.8% + 3.9% of all bacterial sequences. At
higher taxonomic levels, eradication was associated with
reduced Helicobacteraceae dominance and increased
representation of non-Helicobacter taxa commonly
observed in the upper gastrointestinal tract, including
members of the Streptococcaceae, Veillonellaceae, and
Prevotellaceae families. In contrast, HP— samples con-
tained less than 3% H. pylori on average, emphasizing the
sharp compositional dichotomy driven by infection sta-
tus (Fig. 2).

Stacked bar plots (Fig. 2) vividly depict this imbalance:
HP+ communities were almost entirely monopolized by
H. pylori, whereas HP— samples displayed much higher
microbial heterogeneity, enriched with oral and com-
mensal genera such as Streptococcus, Prevotella, and Veil-
lonella. This striking difference reflects the ecological
collapse induced by H. pylori colonization, followed by
community diversification once the organism is removed.
Importantly, no other Helicobacter species were
detected, confirming the species-specific dominance of
H. pylori within the gastric ecosystem. We next com-
pared diversity metrics between HP + and HP— groups at
baseline to quantify the magnitude of dysbiosis.

HP- samples exhibited substantially higher richness
and evenness, with a mean Shannon index of 2.08 +0.25
and a Simpson index of 0.85+0.07, compared with the
severely reduced indices observed in HP+ samples (Fig.
3A-B). To evaluate the biological magnitude of these
differences, effect sizes were calculated using Cohen’s d.
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Fig. 1 Microbial diversity across taxonomic levels. Bar plot illustrating the number of unique taxa identified at successive taxonomic ranks (phylum, class,
order, family, genus, and species). The number of unique taxa increased progressively with finer resolution, reaching 121 distinct species

The effect size for the Shannon index difference was 1.82,
and for the Simpson index, it was 1.76, both indicat-
ing significant and biologically meaningful differences.
These findings confirm that chronic infection is associ-
ated not only with statistically significant but also with
functionally considerable loss of microbial diversity. Fur-
thermore, beta diversity analysis based on Bray—Curtis
dissimilarity confirmed distinct clustering of HP +and
HP- samples (PERMANOVA R? = 0.38, p<0.001), rein-
forcing the conclusion that infection status drives major
structural rearrangements of the gastric microbiota (Fig.
3C). To identify key taxa contributing to these group
differences, indicator species and logistic regression
analyses were performed. Multiple commensal organ-
isms—including Streptococcus mitis, Veillonella dispar,
and Granulicatella adiacens—were significantly depleted
in HP+ samples. Logistic regression yielded odds ratios
consistently < 1, indicating that these taxa were negatively

associated with infection and suppressed in the presence
of H. pylori (Fig. 4).

Conversely, HP— samples harbored a more diverse
spectrum of low-abundance taxa that collectively con-
tributed to community stability. Heatmap visualization
further illustrated the contrast, revealing a greater num-
ber of unique species in HP— samples compared with
HP+, underscoring the profound ecological simplifica-
tion characteristic of chronic infection (Fig. 3D). These
results demonstrate that chronic H. pylori colonization
drives near-complete dominance by the pathogen, lead-
ing to collapse of microbial diversity and suppression of
numerous commensal species.

Histology and endoscopic changes of Pre- and six months
Post-Eradication

In the eradication-confirmed group (n=54), paired his-
tological and endoscopic evaluations were available for
nine patients at six months post-treatment, enabling a
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Fig. 2 Relative abundance of gastric microbiota in Helicobacter pylori-positive and —negative individuals. Stacked bar plots showing species-level rela-
tive abundance profiles stratified by H. pylori infection status. In H. pylori—positive individuals, the microbiome was overwhelmingly dominated by H.
pylori, whereas H. pylori-negative individuals exhibited markedly greater microbial diversity, with enrichment of commensal taxa such as Streptococcus,

Prevotella, and Veillonella

detailed assessment of mucosal healing dynamics. His-
tological analysis demonstrated marked improvement in
chronic active gastritis after H. pylori eradication. Both
antral and corporal activity scores decreased significantly
(p<0.05, Table 5). Neutrophilic infiltration, a hallmark of
acute inflammation, had almost completely resolved by
six months, indicating suppression of acute inflamma-
tory activity. Mononuclear cell infiltration also declined,
reflecting partial recovery of the chronic inflammatory
milieu, although levels did not return to those observed
in HP- controls. In contrast, premalignant lesions such
as intestinal metaplasia and glandular atrophy showed
little to no change during the six-month follow-up
(Table 6). This stability is consistent with the established
understanding that structural mucosal changes reverse
only slowly, if at all, despite eradication. These findings
highlight the biological distinction between reversible

inflammatory activity and relatively fixed atrophic or
metaplastic alterations.

Longitudinal histological staging based on the OLGA
and OLGIM systems revealed minimal short-term
change over the six-month follow-up. Among the nine
paired cases, five patients (55.6%) remained at the same
OLGA stage, three (33.3%) showed one-stage improve-
ment, and one (11.1%) exhibited no progression but per-
sistent Stage II atrophy. OLGIM staging demonstrated
a similar pattern, with seven patients (77.8%) maintain-
ing their baseline stage and two (22.2%) showing minor
regression from Stage II to I. No cases showed advance-
ment to higher stages. These results indicate that while
active inflammation resolves rapidly after eradication,
structural glandular and metaplastic changes progress
much more slowly and require longer-term observation
(Table 5). Endoscopic assessment corroborated these
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Fig. 3 Diversity indices and community structure of H. pylori—positive and —negative gastric microbiota. (A) Simpson index and (B) Shannon index dem-
onstrating significantly reduced alpha diversity in H. pylori-positive compared with negative samples. (C) Principal coordinate analysis (PCoA) based on
Bray—Curtis dissimilarity showing distinct clustering of the two groups (PERMANOVA, p < 0.05). (D) Hierarchical clustering heatmap of species-level relative
abundance further illustrates the separation of H. pylori-positive and —negative microbial communities

trends. The mean Kyoto gastritis score decreased from
4.2+0.7 at baseline to 2.6+0.5 at six months (p=0.01),
indicating substantial mucosal improvement. The decline
was primarily driven by resolution of diffuse redness and
disappearance of nodularity, features strongly associated
with active infection. In contrast, components related
to atrophy and intestinal metaplasia remained stable,
mirroring the histological results. Representative endo-
scopic images clearly illustrate the post-eradication dis-
appearance of diffuse redness and reduction in mucosal
nodularity. These findings demonstrate that H. pylori
eradication produces rapid and profound resolution of
active inflammation. In contrast, premalignant changes
such as atrophy and intestinal metaplasia persist beyond

short-term follow-up, underscoring the importance of
long-term surveillance in high-risk populations.

Microbiome changes Pre- and six months Post-Eradication
Of the 71 HP+ patients, 57 completed quadruple therapy,
and eradication was confirmed in 54 (94.7%). This was
first determined by stool antigen testing at two months
and subsequently by biopsy-based RUT at six months
in those who underwent follow-up endoscopy. Among
these, nine patients provided paired gastric biopsy sam-
ples at baseline and six months post-therapy, enabling
exploratory longitudinal microbiome profiling.

To assess within-sample changes, we first examined
alpha diversity. Microbial diversity, which was profoundly
reduced in HP+ samples at baseline, increased markedly
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Fig.4 Core microbiome species occurrence. (A) Occurrence frequency of common non-H. pylori species across gastric samples, including Streptococcus
mitis, Veillonella dispar, Haemophilus parainfluenzae, and Gemella haemolysans. (B) Comparison of core taxa in H. pylori-positive samples, showing the near-
universal presence of H. pylori together with frequent co-detection of S. mitis

Table 6 E. Histological scores before and after Helicobacter pylori
eradication

Region Parameter Pre-treatment  Post-
(Mean+SD) treatment
(Mean*SD)
Antrum H. pylori density 1.33+£0.71 0.00+0.00
Neutrophil infiltration ~ 0.67£0.50 0.11+£033
Monocyte infiltration 167+0.71 0.78+0.44
Atrophy 1.22+044 1.22+044
Intestinal metaplasia 0.78+0.83 0.78+0.83
Angle H. pylori density 1.33+£0.87 0.00+0.00
Neutrophil infiltration ~ 1.00+£0.50 044+053
Monocyte infiltration 1.67+0.50 0.67+0.50
Atrophy 0.78+0.67 0.67+0.50
Intestinal metaplasia 033£0.71 0.56+0.73
Corpus H. pylori density 1.00+£0.50 0.00+0.00
Neutrophil infiltration ~ 1.11+0.78 044+053
Monocyte infiltration 1.11+£0.60 0.67+0.50
Atrophy 0.33+£0.50 0.33+£0.50
Intestinal metaplasia 0.00£0.00 0.00+0.00

after successful eradication. The Shannon index rose
from 0.46+0.10 to 2.17+0.20 (p<0.001, paired t-test),
and the Simpson index improved from 0.22+0.07 to
0.81+£0.08 (Fig. 6A), reflecting broad expansion in both
richness and evenness. These findings are consistent with
previous reports of post-eradication recovery. Comple-
mentary beta diversity analysis using principal coordi-
nate analysis (PCoA) showed that post-treatment at six
months, communities shifted distinctly away from the
pre-treatment HP+ cluster and toward the HP— group,
indicating partial ecological recovery (Fig. 5C). Absolute
bacterial quantification further revealed inter-individual
variability in post-eradication responses, with consistent
reductions in H. pylori absolute counts across all paired

cases but heterogeneous changes in total bacterial abun-
dance among individuals (Supplementary Figure S1).

Beyond diversity metrics, differential abundance anal-
ysis revealed unique taxa enriched in each group (Fig.
6B). HP— controls were enriched with diverse commen-
sals such as Loriellopsis cavernicola and Massilia timo-
nae, whereas HP+ microbiomes harbored opportunistic
organisms, including Pseudomonas sp. CC05 19T and
Paenibacillus sp. S010, reflecting the perturbed state
under chronic infection. Post-eradication samples con-
tained distinct species such as Herbaspirillum huttiense,
Stomatobaculum longum, and Salmonella enterica,
underscoring that eradication does not restore the micro-
biome to an uninfected state but instead establishes a
novel ecological configuration.

Taxonomic profiling further highlighted recolonization
by oral-associated commensals, notably Streptococcus
mitis, Neisseria elongata, and Prevotella melaninogenica,
consistent with reseeding from the oral cavity. Increases
in Fusobacterium nucleatum and Veillonella dispar were
also observed, taxa frequently linked to pro-inflamma-
tory and potentially oncogenic properties [7]. Differential
abundance testing identified 174 ASVs that changed sig-
nificantly after eradication (FDR < 0.05), as visualized in a
volcano plot (Fig. 5D). These findings suggest that eradi-
cation restores global microbial diversity but does not
revert the gastric ecosystem to a pre-infection “normal”
Instead, eradication is accompanied by the emergence
of new ecological states, including enrichment of taxa
with potential pathogenic relevance. This indicates that
while eradication reverses H. pylori—driven dysbiosis, the
long-term clinical implications of the newly established
microbiome remain uncertain and warrant continued
monitoring.
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Fig. 5 Microbial diversity and composition pre- and post-H. pylori eradication therapy. (A, B) Boxplots of Shannon and Simpson indices, respectively,
showing significant increases in diversity following eradication therapy (p<0.001). (C) PCoA plot displaying distinct community shifts between pre-
treatment and post-treatment groups. (D) Differential abundance analysis (log, fold-change) highlighting post-treatment enrichment of oral-associated

taxa including Streptococcus, Veillonella, Gemella, and Haemophilus species

Differential abundance analysis (Fig. 5D) revealed
enrichment of oral-derived taxa, including Streptococcus
mitis, Gemella haemolysans, Veillonella dispar, Granuli-
catella elegans, and Haemophilus parainfluenzae, follow-
ing eradication. These facultative pathobionts have been
implicated in persistent mucosal inflammation and early
gastrointestinal carcinogenesis. Consistent with this, his-
tological examination demonstrated rapid resolution of
neutrophilic activity but persistent mononuclear (mono-
cyte) infiltration six months after therapy, indicating
incomplete immunologic normalization. Together, these
results suggest that eradication establishes a transitional
microbial community that restores diversity yet contin-
ues to stimulate low-grade inflammation, paralleling the
slow histological recovery of the gastric mucosa [36].

Importantly, these microbial changes paralleled his-
tological and endoscopic improvements. In the eradica-
tion-confirmed group, neutrophilic activity resolved, and
Kyoto scores declined, while atrophy and intestinal meta-
plasia remained essentially unchanged. This integrated
perspective highlights that eradication drives rapid

inflammatory resolution and microbial diversification,
whereas structural mucosal changes and complete eco-
logical normalization remain incomplete at six months.
Given the limited number of paired samples and the
single six-month follow-up timepoint, these longitudinal
observations should be interpreted as hypothesis-gener-
ating rather than definitive.

Comparison of Post-Eradication and HP- microbiomes
At six months after successful eradication therapy, post-
eradication microbiomes exhibited alpha diversity indi-
ces that were statistically indistinguishable from those of
HP- controls. The Shannon index was 2.17 +0.20 in post-
eradication samples versus 2.08+0.25 in HP- controls
(p>0.05), and the Simpson index was 0.81+0.08 versus
0.85+0.07, respectively (Fig. 6A). These results indicate
that eradication rapidly restores within-sample rich-
ness and evenness, reversing the profound diversity loss
observed in HP+ patients.

Taxonomic composition also showed broad conver-
gence with HP- controls. In both groups, no single



Renchinsengee et al. Gut Pathogens (2026) 18:14 Page 11 of 16

1.00

0.75

Mean Relative Abundance
g

025

H. pylori positive

H. pylori negative Post treatment

W vorsmers vons

u

W Campylobscer gracits
W canpy

| | i

d usitatus.

Abiotroshia defectva Enterobscer bugandenss

oggenkanp

n
i
é

s, 78A12 Haemoghilus pitimanise

@ axon 038

seis W

Agtonactenuim umetsciens [l Gtonta moros

Fitsctor alocis
n 1216,

W Stepicosceus sp LPA022D

z

Hymenabscler sp. PRIC 28564

Species [m——— L ——

] Nes s08
] ol faxon 831
W seep

W st

ccos 191

Partoea sp PSNIHT

Partoen sp SO10 eptococs e

[C— Pom— Steplococsus e -

[

Bararaces rarin:

. ol secraze i R mp—

10 veiloncia ratti

Orssionena angusialom [l Dolister s

u —

Sranalicutell elegns

EEEER
)
EEEEEEN

H. pylori negative H. pylori positive Post-Treatment
Lorieliopsis cavernicola
Massitia timonac
Enterobacter bugandensis
Ervinia bilingiae
Staphylococcus saprophyticus
Candidatus Solibacter usitatus
Chroococcidiopsis thermalis
Escherichia col

Finegoldia magna

Neisseria mucosa
Stenotrophomonas sp. PAMC25021
Lactobacilus saiivarius
Prevotelia melarinogenica
Prevotella paliens
Brasilonoma angustatum
Neisseria elongata
Staphylococcus cohmii
Pseudomonas balearica
Streptococcus gordonii
Abiotrophia defectiva
Anaerococcus hydrogenalis
Porphyromonas pasteri
Prevotella jejuni
Streptococcus sp. -P16
[Eubacterium] sulci
Staphylococcus aurcus
Sneathia amnii

Provotolla veroraiis
Peptoniphitus mikwangii
Streptococcus millesi
HMoraxella bovis

Massilia sp. WG5
Citrobacter freundii
Streptococcus intermediis
Streptococcus sanguinis
Parvimonas micra
Prevotella fusca
Streptococcus anginosus
Anacrococcus octavius
Atopostipes suicloacaiis
Staphylococcus auricularis
Prevotellamassila timonensis
Streptacoccus pneumoniae
Rothia mucilaginosa
Aggregatibacter aphrophilus
Flavisolibacter ginsenosidimutans
Neisseria sicca

Herbaspiritum huttiense
Pseudomonas sp. CCOS 191

Stomatobaculum jongum

Pantoea sp. SO10

Salmonella enterica

Acinctobactor ursingit

Hungatoiclostridium saccincola

Group

I . pyiori Negative
W # pyioriPositive
I Post-Treatment

Desemzia incerta Campyiobacter gracilis

Species

Agrobacterium tumefaciens

Hymenobacter sp. PAMC 26554

Hacmophius pittmaniac

Oribacterium asacoharolyticum

Moraxella bovocli
Streptococcus mutans
Lactobacillus frumenti
Veillonelia ratti
Capnocytophaga gingivalis
Lachnoanaerobaculum saburreum
Paracoccus marinus
Dialister micraerophis

Mogibactorium divorsum

Massiia oculi

Dialister invisus

Prevotella salivae
Filifactor alocis
Alloprevotelia rava

o
°
°

0.0 a1 02 00 03 02

0.1 2
Mean Relative Abundance

Fig. 6 Comparative mean relative abundance across infection and treatment groups. (A) Stacked bar plots of mean relative abundance for H. pylori-
positive, H. pylori-negative, and post-treatment samples. (B) Differential abundance analysis identifying group-specific taxa: Loriellopsis cavernicola and
Massilia timonae enriched in H. pylori-negative samples; Pseudomonas sp. CCO5 19T and Paenibacillus sp. SO10 enriched in H. pylori-positive samples; and
Herbaspirillum huttiense, Stomatobaculum longum, and Salmonella enterica enriched in post-treatment samples



Renchinsengee et al. Gut Pathogens (2026) 18:14

genus exceeded 15% relative abundance, and the gastric
microbiome was dominated by oral- and commensal-
associated genera such as Streptococcus, Prevotella, Veil-
lonella, and Neisseria (Fig. 6A). This balanced structure
contrasted sharply with pre-treatment HP+ samples,
where H. pylori monopolized more than 90% of relative
abundance, suppressing nearly all other taxa.

Despite these broad similarities, between-sample com-
parisons revealed incomplete ecological normalization.
Bray—Curtis dissimilarity analysis showed that post-
eradication communities remained significantly distinct
from HP- controls (PERMANOVA R? = 0.12, p=0.02),
suggesting residual architectural differences at the com-
munity level (Fig. 6B).

This partial convergence paralleled the mucosal find-
ings from paired histological and endoscopic examina-
tion. While chronic active gastritis scores decreased
markedly after therapy and neutrophilic infiltration
largely resolved, premalignant features such as intestinal
metaplasia and glandular atrophy showed little short-
term improvement. Endoscopically, mean Kyoto gastritis
scores declined from 4.2 + 0.7 at baseline to 2.6 + 0.5 at six
months (p<0.05), primarily due to resolution of diffuse
redness and nodularity, whereas atrophy- and IM-related
components remained largely unchanged.

Unique taxa signatures across infection States

Across the 121 gastric biopsy samples, the number of
unique microbial taxa increased progressively with tax-
onomic resolution, from 7 phyla and 14 classes to 60
genera and 121 species (Fig. 1). This stepwise increase
underscores the enhanced discriminatory power of
species-level profiling compared with genus-level analy-
sis, which captured only about half of the distinct taxa
resolved by full-length 16 S sequencing.

Each clinical state (HP+, HP—, and post-eradication)
was associated with a distinct set of unique species (Fig.
6B). HP+ samples contained taxa such as Pseudomonas
sp. CCO05 19T and Paenibacillus sp. S010, which were
absent in both HP- and post-eradication groups. HP-
controls harbored distinct commensals including Loriel-
lopsis cavernicola and Massilia timonae. Post-eradication
samples formed a third, ecologically distinct cluster,
enriched with Herbaspirillum huttiense and Stomato-
baculum longum. These findings indicate that eradica-
tion does not simply revert the microbiome from an
HP+ state to the HP- baseline, but instead generates a
novel ecological configuration defined by unique taxa not
observed in either baseline group.

Network analysis

Correlation network analysis highlighted the profound
ecological shift following eradication. In pre-treatment
HP+ samples, microbial networks were overwhelmingly
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dominated by H. pylori, which acted as a monopolizing
hub species. Few other taxa showed meaningful cor-
relations, reflecting the near-complete suppression of
microbial interactions under chronic infection. In con-
trast, post-treatment networks displayed a richer and
more interconnected community structure. Taxa such as
Granulicatella elegans, Veillonella parvula, and Aggre-
gatibacter segnis emerged as central nodes, suggesting
their importance in the early stages of community reas-
sembly. These organisms have previously been associated
with oral and upper aerodigestive tract niches, consistent
with the reseeding hypothesis of gastric recolonization
after eradication. Notably, some abundant commensals,
including Streptococcus mitis and Veillonella dispar,
remained at the network periphery. This indicates that
while these taxa recolonize the gastric niche rapidly in
terms of abundance, they have not yet developed strong
ecological interconnections within the broader commu-
nity. Such incomplete integration suggests that functional
restructuring of the gastric microbiome is still ongoing at
six months post-eradication. Together, the network anal-
ysis illustrates a dynamic, two-phase recovery process: an
initial rapid increase in diversity with recolonization by
oral commensals, followed by a slower re-establishment
of complex ecological relationships. This trajectory paral-
lels the histological findings of rapid resolution of inflam-
mation but persistent atrophy and intestinal metaplasia,
underscoring that both microbial and mucosal ecosys-
tems require longer timeframes for full normalization.

Discussion

This study provides one of the first species-level charac-
terizations of gastric microbiome dynamics in a high-risk
Mongolian cohort before and after H. pylori eradication.
Consistent with prior reports [1-3], chronic H. pylori
colonization induced profound dysbiosis, with near-
complete pathogen dominance and marked suppression
of commensal taxa. By applying full-length 16 S rRNA
sequencing on the Nanopore platform, we resolved over
120 species across gastric samples, providing broader
taxonomic coverage than short-read approaches [16].
This higher resolution enabled precise identification of
indicator species and detection of group-specific taxa not
apparent at the genus level. Importantly, no other Helico-
bacter species were detected, underscoring the specific-
ity of H. pylori as the dominant gastric pathogen in this
high-incidence population.

By applying full-length 16 S rRNA (V1-V9) sequencing
on the Oxford Nanopore platform, this study achieves
substantially higher taxonomic resolution than short-
read 16 S approaches, which are often unable to distin-
guish closely related gastric and oral-associated species.
Long-read sequencing enables coverage of all variable
regions within a single molecule, improving species-level
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discrimination in complex polymicrobial samples. Taxo-
nomic assignment was further strengthened using the
EMU pipeline, which is specifically optimized for Nano-
pore full-length 16 S data and has demonstrated supe-
rior species-level accuracy compared with conventional
classifiers [16]. At six months post-eradication, micro-
bial diversity increased significantly, with Shannon and
Simpson indices approaching those of H. pylori-nega-
tive controls [14]. This rapid rebound was largely driven
by oral-derived commensals such as Streptococcus mitis,
Neisseria elongata, and Prevotella melaninogenica,
consistent with the oral cavity acting as a reservoir for
recolonization [37]. Nevertheless, beta diversity analy-
ses demonstrated that post-eradication communities
remained significantly distinct from HP- controls, clus-
tering in an intermediate ecological state [14]. These
results indicate that eradication initiates—but does not
complete—microbial restoration within six months. Con-
sistent with this interpretation, prior longitudinal studies
incorporating multiple post-eradication timepoints have
demonstrated continued microbial restructuring beyond
six months, suggesting that gastric microbiome recov-
ery may extend over 12 months or longer [14, 38]. Given
that Mongolian H. pylori populations include higher-risk
genomic subgroups, strain background may shape post-
eradication trajectories and residual risk [8].

Each infection state (HP+, HP—, and post-eradica-
tion) was associated with a distinct set of unique taxa,
suggesting that eradication generates a novel ecologi-
cal configuration [38], rather than simply reverting to
the HP- baseline. Species-level profiling was critical to
revealing these subtle differences, which would have been
obscured at higher taxonomic ranks.

Of particular concern is the persistence and enrich-
ment of taxa with oncogenic or pro-inflammatory poten-
tial, notably Fusobacterium nucleatum and Veillonella
dispar. F. nucleatum has been implicated in both gastric
and colorectal carcinogenesis, raising the possibility that
its persistence may sustain residual gastric cancer risk
even after H. pylori clearance [39, 40]. Network analysis
further showed that while taxa such as Granulicatella
elegans, Veillonella parvula, and Aggregatibacter segnis
emerged as central nodes post-eradication, abundant
commensals, including Streptococcus mitis and Veillon-
ella dispar, remained peripheral. This suggests that recol-
onization is rapid in abundance, but that stable ecological
integration is incomplete within six months. Several taxa
enriched following eradication—Streptococcus mitis,
Gemella haemolysans, Veillonella dispar, Granulicatella
elegans, and Haemophilus parainfluenzae (Fig. 5D)—are
oral-derived facultative pathobionts previously linked
to persistent gastric inflammation and early gastroin-
testinal carcinogenesis. Their re-emergence, together
with the continued presence of mononuclear infiltration
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on histology, suggests that ecological and immunologic
recovery of the gastric mucosa remains incomplete at
six months post-treatment. On the other hand, recent
advances in full-length 16 S rRNA sequencing, as used
in this study, might enable improved species-level dif-
ferentiation of oral taxa in gastric microbial community,
and a recent study also demonstrated superior taxonomic
accuracy for saliva samples using the Emu pipeline [41].

Taxa unique to the post-eradication group, including
Herbaspirillum huttiense, Stomatobaculum longum, Sal-
monella enterica, and Dialister invisus (Fig. 6B), support
the existence of a transitional dysbiotic state dominated
by opportunistic species. This trajectory mirrors the his-
tologic pattern of rapid resolution of active inflamma-
tion but persistence of atrophy and intestinal metaplasia,
emphasizing that both microbial and mucosal restora-
tion likely require extended periods for full normaliza-
tion [36]. These findings suggest that eradication therapy
alone may not fully re-establish gastric eubiosis within
six months and that adjunctive interventions—such as
probiotics or prebiotics—should be explored to promote
more complete ecological recovery [36]. These shifts may
facilitate mucosal healing, although direct functional
validation was beyond the scope of this study. Future
integration of metagenomics and metabolomics will be
essential to confirm these adaptations and to delineate
their clinical significance [42].

Several limitations should be noted. The longitudinal
cohort was small, with nine paired biopsies at a single
six-month follow-up time point; therefore, longitudinal
findings should be interpreted as exploratory and may
not capture longer-term stabilization of the post-eradica-
tion microbiome. In addition, although Nanopore-based
full-length 16 S rRNA sequencing provides improved
species-level resolution compared with partial 16 S rRNA
sequencing based short-read approaches, this platform
is characterized by higher per-read error rates, and tax-
onomic assignment depends on consensus sequence
generation and reference database completeness. Conse-
quently, closely related species and low-abundance taxa
may remain difficult to resolve with complete certainty.
Nonetheless, recent profiling using V3-V4 Illumina
sequencing and full-length 16 S rRNA sequencing on
ONT platforms showed strong agreement in microbial
community composition across different sampling sites
within the same organ, such as tracheal aspirates [43].
Moreover, the convergence of findings across diversity
metrics, taxonomic profiling, unique taxa signatures, and
network analysis in this study supports the robustness of
the observed post-eradication community shifts.

Taken together, our results delineate a two-stage eco-
logical trajectory: eradication rapidly restores diver-
sity and suppresses pathogen dominance, but fine-scale
taxonomic composition and microbial networks remain
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altered. These findings highlight the need for larger-
scale, long-term studies in high-incidence populations
to determine whether persistent microbial and mucosal
alterations influence gastric cancer risk. Further, a lon-
ger follow-up (12-24 months) is ongoing in this cohort
and will clarify the durability of recovery and its clinical
implications. Moreover, adjunctive interventions—such
as probiotics, prebiotics, or dietary strategies—should be
evaluated as potential means to accelerate ecological nor-
malization and reduce residual malignant potential [44,
45].

Conclusion

This study, to our knowledge, provides the first spe-
cies-level characterization of the gastric microbiome
in a high-risk Mongolian cohort using full-length 16 S
rRNA sequencing on the Nanopore platform. Compared
with conventional short-read approaches, this method
achieves greater taxonomic resolution, underscoring
the value of long-read sequencing for accurate gastric
microbiome profiling. Our findings demonstrate that
the number of taxa detected was substantially higher
than in previous studies and that H. pylori—positive, H.
pylori—negative, and post-eradication states exhibited
distinct microbial signatures. These results indicate that
eradication therapy establishes a new microbial equi-
librium rather than fully reverting to the pre-infection
community structure. Collectively, the data supports a
two-phase model of recovery characterized by an initial
rebound in diversity and inflammation resolution, fol-
lowed by incomplete normalization of microbial and his-
tological networks with persistence of condition-specific
taxa. These findings also suggest that supportive strate-
gies, including microbiome-modulating interventions
such as probiotics or prebiotics, may help promote more
complete ecological recovery after eradication. Long-
term longitudinal studies are required to validate these
patterns and clarify their implications for gastric atrophy,
intestinal metaplasia, and subsequent cancer risk.
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