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AbsTrACT
Objective gastrointestinal microbiota may be 
involved in Helicobacter pylori- associated gastric cancer 
development. The aim of this study was to explore the 
possible microbial mechanisms in gastric carcinogenesis 
and potential dysbiosis arising from H. pylori infection.
Design Deep sequencing of the microbial 16s 
ribosomal rna gene was used to investigate alterations 
in paired gastric biopsies and stool samples in 58 
subjects with successful and 57 subjects with failed 
anti-H. pylori treatment, relative to 49 H. pylori negative 
subjects.
results in H. pylori positive subjects, richness and 
shannon indexes increased significantly (both p<0.001) 
after successful eradication and showed no difference 
to those of negative subjects (p=0.493 for richness and 
p=0.420 for shannon index). Differential taxa analysis 
identified 18 significantly altered gastric genera after 
eradication. The combination of these genera into a 
Microbial Dysbiosis index revealed that the dysbiotic 
microbiota in H. pylori positive mucosa was associated 
with advanced gastric lesions (chronic atrophic gastritis 
and intestinal metaplasia/dysplasia) and could be 
reversed by eradication. strong coexcluding interactions 
between Helicobacter and Fusobacterium, Neisseria, 
Prevotella, Veillonella, Rothia were found only in 
advanced gastric lesion patients, and were absent in 
normal/superficial gastritis group. changes in faecal 
microbiota included increased Bifidobacterium after 
successful H. pylori eradication and more upregulated 
drug- resistant functional orthologs after failed treatment.
Conclusion H. pylori infection contributes significantly 
to gastric microbial dysbiosis that may be involved 
in carcinogenesis. successful H. pylori eradication 
potentially restores gastric microbiota to a similar status 
as found in uninfected individuals, and shows beneficial 
effects on gut microbiota.

InTrODuCTIOn
Helicobacter pylori infection is a major risk factor 
for gastric cancer (GC).1 The effectiveness of H. 
pylori eradication for GC and precancerous lesion 
prevention has been proven in different popula-
tions.2–4 Therefore, eradication was recommended 

by WHO- International Agency for Research on 
Cancer as a prevention strategy.5 However, uncer-
tainties remain concerning possible effects on 
non-H. pylori bacterial species and potentially 
adverse consequences of anti-H. pylori treatment, 

significance of this study

What is already known on this subject?
 ► Helicobacter pylori eradication was 
recommended by WHO- International Agency 
for Research on Cancer as an effective gastric 
cancer prevention strategy.

 ► The previous retrospective studies suggest 
that H. pylori and some other interactive 
gastric commensals may play roles in gastric 
carcinogenesis, while the effects of H. pylori 
and antibiotic treatment on the entire 
gastrointestinal microecosystem need further 
well- designed prospective studies.

What are the new findings?
 ► H. pylori is one of the main factors in gastric 
microbial dysbiosis and successful eradication 
can lead to the restoration of gastric microbiota 
to a similar status of negative subjects.

 ► Strong coexcluding interactions in gastric 
microbiota between Helicobacter and 
Fusobacterium, Neisseria, Prevotella, 
Veillonella, Rothia were found only in patients 
with advanced gastric lesions, and were absent 
in normal/superficial gastritis group.

 ► Successful H. pylori eradication exerts more 
beneficial effects on gut microbiota than failed 
treatment, including increased abundance of 
probiotic bacteria and putative downregulation 
of drug- resistance mechanisms.

How might it impact on clinical practice in the 
foreseeable future?

 ► Our findings provide new insights into the 
microbial mechanism of H. pylori- associated 
gastric carcinogenesis and new evidences for 
beneficial effects of prevention strategy.
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such as gut microbiota dysbiosis, metabolic effects and increased 
prevalence of antibiotic- resistant pathogens.

The previous retrospective studies reported dysbiotic micro-
bial communities, altered bacterial interactions and the over- 
representation of intestinal commensals in GC and precancerous 
lesions.6 7 GC- specific microbiota characterised by decreased 
abundance of Helicobacter and enrichment of other bacterial 
taxa suggested non-H. pylori gastric bacteria may also play an 
important role in gastric carcinogenesis, although the exact 
mechanism is yet to be established.

Microbial network analysis showed that the presence of H. 
pylori influences the strength of gastric microbial interactions, 
which may be associated with GC progression.6 However, 
whether H. pylori can function as a bacterial driver and interact 
with other gastric bacteria, which are subsequently involved in 
the process of carcinogenesis, remains unknown. Investigation of 
gastrointestinal microbiota based on a prospective study design 
following anti-H. pylori treatment may be helpful in exploring 
the role of H. pylori and its interaction with other bacteria in 
gastric carcinogenesis. Until now, studies outlining changes in 
the entire gastric and gut microecosystem on H. pylori eradica-
tion are limited.8–11

We designed a prospective population- based study, where 
gastric biopsies and stool samples were taken from subjects at 
baseline and follow- up time points after successful or failed 
anti-H. pylori therapy. Gastric and faecal microbiota were 
compared before and after treatment using deep sequencing of 
the 16S ribosomal RNA (16S rRNA) gene, with negative subjects 
as reference. We were also interested in analysing differen-
tial taxa for their interactions with H. pylori and associations 
with precancerous gastric lesions. This study provided us with 
a unique opportunity to unravel the relationship between H. 
pylori and other gastrointestinal bacteria in the process of GC 
development, and evaluate the potential health effects of eradi-
cation therapy on gastrointestinal microbiota.

MeTHODs
Patient and public involvement
Linqu, a rural county in Shandong province, China, possesses 
one of the highest GC mortality rates worldwide (age- adjusted 
rates per 100 000 were 55 for men and 19 for women in 1980–
1982.12 The present study was conducted within the framework 
of the National Upper Gastrointestinal Cancer Early Detection 
Project in Linqu county.

In December 2016, 332 project volunteers were screened 
using 13C- urea breath test (13C- UBT) with 186 subjects identified 
as H. pylori positive and 146 as negative. The positive subjects 
were invited for a 10 day quadruple anti-H. pylori treatment 
including omeprazole (20 mg two times per day), tetracycline 
(750 mg three times per day), metronidazole (400 mg three 
times per day) and bismuth citrate (300 mg two times per day). 
Six months after the treatment, participants were followed up 
by repeated 13C- UBT, endoscopic examination and drug intake/
adverse effect interview. The participants with completed drug 
intake records and positive follow- up results of 13C- UBT were 
defined as failed treatment. A total of 145 participants completed 
baseline and follow- up endoscopic examinations and agreed to 
provide gastric biopsies, stool samples and general health infor-
mation using a structured questionnaire on age, sex, cigarette 
and alcohol consumption habits, and antibiotics use history 
(using of any kind of antibiotic at least 1 day within 6 months 
before the baseline interview).

For the present study, 115 anti-H. pylori treatment partici-
pants were enrolled (58 subjects with successful eradication 
and 57 subjects with failed treatment) for possessing eligible 
paired baseline and follow- up gastric biopsy and stool samples. 
For comparison, 49 H. pylori negative subjects were enrolled 
from the 146 negative subjects according to the initial 13C- 
UBT screening. Using the same procedure, general information, 
gastric biopsies and stool samples were collected from these 
negative subjects.

upper endoscopic examination and histopathology
Upper endoscopic examinations were conducted by two expe-
rienced gastroenterologists using video endoscopes (Olympus). 
Gastric mucosa was examined and at least two biopsies were 
obtained from less curve of antrum, one for DNA extraction 
and one for pathological diagnosis. The gastric mucosa speci-
mens were reviewed blindly by two pathologists according to the 
criteria proposed by the Chinese Association of Gastric Cancer13 
and Updated Sydney System.14 Each biopsy was diagnosed as 
normal, superficial gastritis (SG), chronic atrophic gastritis 
(CAG), intestinal metaplasia (IM) or dysplasia (DYS) based on 
the most severe histology.

DnA extraction and 16s rrnA gene sequencing
All biopsies and stool samples were frozen immediately after 
collection at −80℃ until DNA extraction. DNA was extracted 
from biopsies using the QIAamp DNA Mini Kit and from stool 
samples using the QIAamp Fast DNA Stool Mini Kit (Qiagen, 
California, USA) according to the manufacturer’s instructions. 
The hypervariable region V3- V4 of microbial 16S rRNA gene 
was amplified using universal primers (341F, 5'-CCTACGGG-
NBGCASCAG-3'; 805R, 5'-GACTACNVGGGTATCTAAT 
CC-3'). The PCR products were purified using QIAquick Gel 
Extraction Kit (Qiagen). The resulting amplicon library was 
sequenced on Illumina Hiseq 2500 PE250 platform.

sequencing data analysis
Raw sequence reads were processed using IMNGS ( www. imngs. 
org),15 a UPARSE- based pipeline.16 USEARCH V.8.0 was used 
for pairing, quality filtering and operational taxonomic units 
(OTUs) clustering.17 OTU with a relative abundance ≥0.1% in 
at least one sample were clustered at 97% sequence similarity. 
Taxonomic classification was assigned by RDP classifier V.2.11 
training set 15.18

Microbial diversity analysis
Diversity analysis was performed using Rhea19 based on R soft-
ware and illustrated by richness and Shannon indexes. Wilcoxon 
signed- rank test was performed to compare diversity indexes 
before and after anti-H. pylori treatment. Multivariate logistic 
regression was performed for the comparison of diversity 
indexes between post- treatment and H. pylori negative groups, 
adjusted by age, sex and gastric lesions. The generalised UniFrac 
distance was used for microbial community structure compar-
ison and non- metric multidimensional scaling plots were gener-
ated. P values were calculated by the permutational multivariate 
analysis of variance (PERMANOVA) test for dissimilarities 
between groups and adjusted for multiple comparisons by the 
false discovery rate (FDR). The corresponding q values <0.05 
were considered statistically significant.20

Detection of differential taxa
To identify differential microbial taxa after treatment, paired 
t- tests were performed after arcsine transformation21 of relative 
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abundance data and q values were used for multiple testing 
adjustment with a significance threshold of 0.05. The fold 
change of relative abundances was calculated as the ratio of the 
mean value after treatment to the mean value before treatment.

Prediction of metagenomic functions
Tax4Fun22 was used to predict the metabolic pathways and func-
tional orthologs of microbial communities based on the SILVA 
SSU rRNA database23 and the Kyoto Encyclopedia of Genes and 
Genomes.24 Differential functional orthologs and pathways after 
treatment were selected by paired t- test after arcsine transfor-
mation of relative frequency with q values <0.05 as statistical 
significance.

Microbial interaction network analysis
Spearman correlation analysis was performed to calculate the 
correlation coefficients (r values) between the specific disease- 
related genera in the gastric mucosa. Cytoscape V.3.6.1 was 
used for visualisation of networks with significant correlations 
between genera based on r values showing p<0.05. Two genera 
with correlations of r>0 and p<0.05 were defined as co- occur-
ring genera, while those with r<0 and p<0.05 were defined 
as coexcluding genera. Kruskal- Wallis test was conducted for 
comparison of interaction strengths between different gastric 
lesion groups. A p<0.05 was considered statistically significant.

resulTs
General characteristics of study participants
The baseline characteristics of successful eradication, failed 
treatment and H. pylori negative control groups are presented 
in online supplementary table 1. No significant differences in 
baseline age, body mass index (BMI), smoking habits, alcohol 
consumption, antibiotics use or gastric lesions were found 
between successful eradication and failed treatment groups (all 
p>0.05). There was a higher frequency of male subjects in the 
failed treatment group than in the successful eradication group 
(70.2% vs 51.7%, p=0.043). Compared with negative controls, 
higher BMI, increased incidences of smoking and advanced 
gastric lesions (CAG and IM/DYS) were observed in each of the 
two anti-H. pylori treatment groups (all p<0.05).

Alterations in gastrointestinal microbial diversity after anti-H. 
pylori treatment
16S rRNA sequencing was finally completed for 230 gastric 
biopsies: 34 pairs before and after successful eradication, 57 
pairs before and after failed treatment and 48 negative controls. 
Microbial diversity analysis found that richness and Shannon 
indexes were increased significantly after successful eradica-
tion (both p<0.001). These indexes after successful eradica-
tion showed no differences to negative controls (p=0.493 for 
richness and p=0.420 for Shannon index). In participants who 
failed to clear H. pylori, gastric microbial richness and Shannon 
indexes were not significantly changed by therapy (p=0.200 
for richness and p=0.094 for Shannon index), which were still 
lower than those of negative controls (both p<0.001, figures 1 
A1–2). The trends in microbial richness and Shannon indexes 
before and after treatment are shown in online supplementary 
figure 1 A1–4.

Differences in microbial community structure were further 
evaluated using generalised UniFrac distance. A significant differ-
ence in gastric microbial community before and after successful 
eradication was observed (q=0.018 adjusted for multiple 
comparison by the FDR method), with no corresponding 

change before and after failed treatment (q=0.057). When we 
compared the biopsies after successful or failed treatment with 
negative controls, significant differences with both q=0.005 
were observed (figure 1 A3–5).

Faecal microbial diversity analysis was completed for 259 stool 
samples: 53 pairs before and after successful eradication, 53 
pairs before and after failed treatment and 47 negative controls. 
Compared with baseline stool samples, no significant changes 
were observed in microbial richness and Shannon indexes after 
successful (p=0.212 and 0.947) and failed treatment (p=0.163 
and 0.504). No differences in microbial richness were detected 
between stools after treatment and negative controls, although 
Shannon indexes were different in stools after successful eradica-
tion compared with negative controls (p=0.003, figure 1 B1–2). 
The trends in faecal microbial richness and Shannon indexes 
before and after treatment are shown in online supplementary 
figure 1 B1–4.

The main differences in faecal microbial community struc-
ture were found before and after anti-H. pylori treatment (both 
successful eradication and failed treatment groups q=0.002). 
Marginal differences were observed between successful eradica-
tion and negative control groups (q=0.045), while no difference 
was found between failed treatment and negative control groups 
(q=0.366, figure 1 B3–5).

Changes in gastrointestinal taxa after anti-H. pylori treatment
The sequencing of gastric biopsies revealed 194 bacterial taxa 
with changes in abundance after successful H. pylori eradica-
tion. A total of 5 taxa were significantly decreased by eradica-
tion, which were all H. pylori related including Proteobacteria 
(phylum), Epsilonproteobacteria (class), Campylobacterales 
(order), Helicobacteraceae (family) and Helicobacter (genus). 
In the 189 significantly increased taxa, 60 with relative abun-
dances>1% after eradication were selected (online supplemen-
tary table 2). At phylum level, significant increases were observed 
in Cyanobacteria/Chloroplast, Bacteroidetes, Fusobacteria, Acti-
nobacteria and Firmicutes (figure 2A). In addition, 18 differen-
tial genera after successful eradication were selected for further 
analysis including 17 increased genera and one decreased genus, 
that is, Helicobacter (figure 2A). In failed treatment subjects, no 
differentially distributed taxa were found in gastric biopsies.

In paired stool samples, 21 taxa showed changes in abundance 
following successful eradication: 13 increased and 8 decreased. 
Among them, 17 with relative abundances >1% were selected 
(figure 2B). The increased taxa were mainly Clostridiales related, 
including Firmicutes (phylum), Clostridia (class), Clostridiales 
(order) and Bifidobacterium related, including Bifidobacteriales 
(order), Bifidobacteriaceae (family), Bifidobacterium (genus). 
The decreased taxa were mainly Bacteroidales related: Bacteroi-
detes (phylum), Bacteroidia (class), Bacteroidales (order) (online 
supplementary table 2). In the failed treatment group, only 
eight taxa with low baseline abundances (<1%) changed signifi-
cantly following treatment, seven of which increased and one 
decreased (figure 2C). The abundances of Bacilli, Lactobacillales 
and Anaerostipes were increased to >1% (online supplementary 
table 3).

Changes in predicted microbiota functional capacity after 
anti-H. pylori treatment
In addition to identifying changes in specific taxa, we predicted 
the functional capacity changes of microbial communities using 
Tax4Fun.22 After successful H. pylori eradication, 253 metabolic 
pathways were significantly changed (q<0.05) in gastric mucosa. 
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Figure 1 Microbial diversity and community structure in gastric biopsy and stool samples. Box plots showing (A1) increased gastric richness index 
following successful eradication compared with that of baseline and showing no difference to that of Helicobacter pylori negative subjects; (A2) 
increased gastric Shannon index following successful eradication compared with that of baseline and showing no difference to that of H. pylori 
negative subjects. Dissimilarities of microbial community structure in gastric biopsies showing (A3) a significant difference before and after successful 
eradication; (A4) no change before and after failed treatment; (A5) significant differences when the biopsies after successful or failed treatment 
were compared with H. pylori negative subjects. Box plots showing (B1) no significant change in faecal richness index before and after anti-H. pylori 
treatment; (B2) no significant change in faecal Shannon index before and after anti-H. pylori treatment. Dissimilarities of microbial community 
structure in stool samples showing (B3) a significant difference before and after successful eradication; (B4) a significant difference before and after 
failed treatment; (B5) marginal difference between after successful eradication and H. pylori negative subjects. aWilcoxon signed- rank test. bLogistic 
regression adjusted for age, sex and gastric lesion. cPERMANOVA test.

Reduced pathways included flagellar assembly, bacterial chemo-
taxis and bacterial secretion system. Upregulated pathways 
included protein digestion and absorption, glycosaminoglycan 
and other glycan degradation, gastric acid secretion, and carbo-
hydrate digestion and absorption (online supplementary table 4). 
No significant changes were detected in predicted gastric micro-
biota functional capacity after failed treatment.

In stool samples, 71 predicted functional pathways were 
changed significantly after successful eradication and 48 were 
changed after failed treatment (q<0.05, online supplemen-
tary table 5). Exploration of drug- resistance- related functional 
orthologs revealed over- representation of multidrug- resistance 
protein, methicillin- resistance regulatory protein, vancomycin- 
resistance sensor histidine kinase, tetracycline- resistance protein 
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Figure 2 Changes in gastrointestinal taxa after anti- Helicobacter pylori treatment. To identify differential microbial taxa after treatment, paired 
t- tests were performed after arcsine transformation of relative abundance data and Q values were used for multiple testing adjustment with a 
significance threshold of 0.05. Significantly changed taxa after successful eradication were shown (A) in gastric biopsies at phylum and genus 
levels with mean relative abundance >1%; (B) in stool samples at all levels with mean relative abundance >1%. Only eight taxa with low baseline 
abundances (<1%) were changed significantly in stool samples after failed treatment (C).

and chloramphenicol- resistance protein after failed treatment 
compared with baseline. Although an over- representation was 
also found after successful eradication in chloramphenicol- 
resistance protein (major facilitator superfamily (MFS) 
transporter drug:H+ antiporter (DHA)1 family) and multidrug- 
resistance protein (MFS transporter aromatic compound/
drug exporter family), others were downregulated including 
multidrug- resistance protein (multidrug and toxin extrusion 
family, MFS transporter DHA2 family and protein A) and 
fosmidomycin- resistance protein (MFS transporter fosmido-
mycin resistance family, table 1).

Associations of gastric microbial dysbiosis with anti-H. pylori 
treatment and gastric lesions
In order to investigate if microbial dysbiosis changed on anti-
H. pylori treatment, the 18 genera with changed abundance 
in gastric biopsies after successful eradication (figure 2A) were 
combined into Microbial Dysbiosis Index (MDI) for each biopsy 
using follow formula: MDI=log(total abundance of genera 

decreased after successful eradication/total abundance of genera 
increased after successful eradication).7

In comparison with H. pylori positive baseline gastric mucosa, 
MDI was decreased significantly after successful eradication 
(p<0.001), and remained higher than that of the negative group 
(p=0.025). Similarly, high MDIs were found both before and 
after failed treatment, with no statistical difference between 
them (p=0.351, figure 3A).

To further investigate the relationship between gastric micro-
bial dysbiosis and precancerous lesions, 87 H. pylori positive 
baseline biopsies and 48 negative controls with pathological 
diagnosis were categorised into normal/SG, CAG and IM/DYS 
groups. Compared with normal/SG group, MDI was increased 
significantly in CAG and IM/DYS groups (both p<0.001, 
figure 3B). When we further analysed associations between MDI 
and anti-H. pylori treatment by baseline gastric lesions, similar 
higher MDIs were found before treatment and can be decreased 
by successful eradication in all the three baseline gastric lesion 
subgroups (online supplementary figure 2). Gastric MDIs 
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Table 1 Significant changes in predicted drug- resistance- related orthologs using KEGG after anti- Helicobacter pylori treatment in stool samples

Drug- resistance- related orthologs
Alteration trend after 
treatment

Mean relative frequency 
before treatment

Mean relative frequency 
after treatment Fold change* Q value†

Successful eradication group

  K08164 MFS transporter, DHA1 family, chloramphenicol- 
resistance protein

↑ 4.85E-07 1.11E-06 2.28 0.024

  K08221 MFS transporter, aromatic compound/drug 
exporter family, multidrug- resistance protein

↑ 4.79E-07 1.08E-06 2.26 0.026

  K03327 multidrug- resistance protein, multidrug and toxin 
extrusion family

↓ 9.64E-04 8.26E-04 0.86 0.011

  K03543 multidrug- resistance protein A ↓ 2.06E-04 1.57E-04 0.76 0.008

  K08169 MFS transporter, DHA2 family, multidrug- 
resistance protein

↓ 1.76E-04 1.30E-04 0.74 0.024

  K08223 MFS transporter, fosmidomycin resistance family, 
fosmidomycin- resistance protein

↓ 2.53E-04 1.84E-04 0.73 0.007

Failed treatment group

  K08164 MFS transporter, DHA1 family, chloramphenicol- 
resistance protein

↑ 4.27E-07 1.21E-06 2.82 0.005

  K08221 MFS transporter, aromatic compound/drug 
exporter family, multidrug- resistance protein

↑ 4.01E-07 1.17E-06 2.92 0.005

  K02546 methicillin- resistance regulatory protein ↑ 1.12E-08 4.10E-08 3.64 0.007

  K07681 two- component system, NarL family, vancomycin- 
resistance sensor histidine kinase VraS(EC:2.7.13.3)

↑ 7.10E-07 2.56E-06 3.61 0.007

  K08151 MFS transporter, DHA1 family, tetracycline- 
resistance protein

↑ 2.00E-06 6.58E-06 3.29 0.009

  K08152 MFS transporter, DHA1 family, multidrug- 
resistance protein B

↑ 9.71E-06 1.44E-05 1.48 0.025

  K08153 MFS transporter, DHA1 family, multidrug- 
resistance protein

↑ 3.52E-06 7.81E-06 2.22 0.009

  K08161 MFS transporter, DHA1 family, multidrug- 
resistance protein

↑ 3.01E-05 5.75E-05 1.91 0.017

  K08170 MFS transporter, DHA2 family, multidrug- 
resistance protein

↑ 3.97E-06 1.29E-05 3.25 0.007

  K11814 multidrug- resistance protein EbrA ↑ 1.70E-09 1.90E-08 10.61 0.005

  K11815 multidrug- resistance protein EbrB ↑ 6.52E-09 2.77E-08 4.21 0.020

*The fold change was calculated as the ratio of the mean relative frequency after treatment to the mean relative frequency before treatment.
†Paired t- test after arcsine transformation of relative frequency and q values were used after adjustment for multiple comparison by the FDR.
DHA, drug:H+ antiporter; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes; MFS, major facilitator superfamily.

showed an inverse correlation with microbial diversity (r for rich-
ness index=−0.867, p<0.001; r for Shannon index=−0.883, 
p<0.001, figure 3C–D).

Associations of specific genera and their interactions with 
gastric lesions
The relative abundances of the same 18 genera (see section 
"Changes in gastrointestinal taxa after anti-H. pylori treatment") 
were compared among different baseline gastric lesion groups. 
Using multiple logistic regression adjusted for age and gender, 
we found that Helicobacter was significantly increased in CAG 
and IM/DYS groups compared with normal/SG group (both 
p<0.001). Nine genera were decreased both in CAG and IM/
DYS groups (all p<0.05), including Alloprevotella, Fusobacte-
rium, Neisseria, Porphyromonas, Prevotella, Rothia, Veillonella, 
unknown_Bacteria and unknown_Prevotellaceae (online supple-
mentary table 6).

The interactions among these 10 genera (Helicobacter and 
9 genera above) were further explored by correlation network 
construction. Significantly stronger correlations were observed 
in CAG and IM/DYS groups than in normal/SG group (CAG 
vs normal/SG, p=0.040; IM/DYS vs normal/SG, p=0.003). 
Coexcluding interactions occurred between Helicobacter and 
the other nine genera, while co- occurring interactions existed 

among the nine non- Helicobacter genera (figure 4A–C). Partic-
ularly strong coexcluding interactions (all p<0.001) between 
Helicobacter and Fusobacterium (r=−0.84 in CAG; r=−0.80 
in IM/DYS), Neisseria (r=−0.82 in CAG; r=−0.82 in IM/DYS), 
Prevotella (r=−0.88 in CAG; r=−0.83 in IM/DYS), Veillonella 
(r=−0.71 in CAG; r=−0.72 in IM/DYS) and Rothia (r=−0.78 
in CAG; r=−0.75 in IM/DYS) were noticed only in individuals 
with advanced gastric lesions. However, such significant interac-
tions were absent in normal/SG group.

DIsCussIOn
Our prospective population- based study observed that H. pylori 
induces gastric microbial dysbiosis, and that specific H. pylori 
interactive taxa may be associated with precancerous lesions. 
Successful eradication reverses the gastric dysbiosis to a similar 
level as negative controls, and exerts more beneficial effects on 
gut microbiota than failed treatment, including increased probi-
otic and putative downregulation of drug- resistance mechanisms.

H. pylori is a well- studied pathogen dominant in stomach. 
Consistent with decreased microbial diversity in H. pylori posi-
tive subjects,25–28 our study indicates that successful eradication 
can significantly elevate the low gastric microbial richness and 
evenness in H. pylori positive subjects to similar levels as those 
in negative controls. While, the different microbial community 
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Figure 3 Gastric microbial dysbiosis is associated with Helicobacter pylori infection and gastric lesions. Box plot showing (A) decreased gastric MDI 
following successful eradication compared with that of baseline; (B) increased gastric MDIs in CAG and IM/DYS groups compared with that of normal/
SG group. Scatter plot showing inverse correlations between (C) gastric MDI and richness index; (D) gastric MDI and Shannon index. aWilcoxon 
signed- rank test. bLogistic regression adjusted for age, sex and gastric lesion. cKruskal- Wallis test. dSpearman correlation analysis. CAG, chronic 
atrophic gastritis; DYS, dysplasia; IM, intestinal metaplasia; MDI, Microbial Dysbiosis Index; SG, superficial gastritis.

structure between subjects after successful eradication and nega-
tive controls still implies some effects of antibiotics. In contrast, 
no changes were found in microbial diversity and community 
structure after failed treatment. Our design including the subjects 
who failed to clear H. pylori after the same treatment regimen 
can help to identify important alterations after successful erad-
ication as H. pylori related. These results suggest that H. pylori 
changes gastric microbial diversity and community structure, 
which can be reversed by successful eradication.

Besides gastric microbiota composition, successful H. pylori 
eradication significantly changed the abundances of 194 taxa, 
while failed treatment did not lead to such alterations. Similar to 
a small sample size intervention trial,29 our study demonstrates 
that only H. pylori- related taxa were reduced dramatically after 
eradication. Increased taxa after eradication were the commonly 
dominant commensals, including Firmicutes, Bacteroidetes, Acti-
nobacteria, Cyanobacteria and Fusobacteria. Our study tenta-
tively suggests H. pylori as the main disruptor for homoeostasis 
of gastric commensals. Short- term (10 days) quadruple treat-
ment alone may not disturb gastric microbiota 6 months later.

Functional capacity prediction of gastric microbiota helped 
us to better understand the possible bacterial function shift by 

H. pylori eradication. The downregulated functions included 
flagellar assembly, bacterial chemotaxis and bacterial secretion 
system, which is reasonable and consistent with the decrease of 
H. pylori infection after eradication. The upregulated pathways 
after eradication covered a wide range. Among them, increased 
gastric acid secretion pathway was confirmed by the signif-
icant decrease of gastric pH 6 months after eradication (data 
not shown). Combination of these evidences supports that H. 
pylori infection is an important factor for inducing high gastric 
pH through chronic inflammation, parietal cell loss and micro-
bial metabolic products.30 Other increased bacterial functions 
following successful eradication included glycan degradation, 
carbohydrate and protein digestion and absorption, which 
showed complicated associations with protective production of 
short chain fatty acids, butyrate and modulation of inflamma-
tion.31 While further validation is needed for the predicted func-
tional capacity changes.

Since H. pylori was suggested as the main inducer for gastric 
dysbiosis, we integrated the 18 differential genera after successful 
eradication to calculate MDI. The MDI was previously used to 
monitor the microbial dysbiosis in different diseases.7 In our 
study, MDIs show strong inverse correlations with microbial 
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Figure 4 Correlation networks of specific gastric genera in different gastric lesion groups. Spearman correlation analysis was performed to calculate 
the correlation coefficients (R values) between specific gastric genera. Visualised networks of significant correlations (p<0.05) by Cytoscape V.3.6.1 
showed stronger correlation strengths of specific gastric genera in (B) CAG and (C) IM/DYS groups than in (A) normal/SG group. CAG, chronic atrophic 
gastritis; DYS, dysplasia; IM, intestinal metaplasia; SG, superficial gastritis.

diversity and illustrate high degree of dysbiosis in H. pylori posi-
tive mucosa and advanced lesions (CAG and IM/DYS). Reversal 
of dysbiosis and gastritis activity (data not shown) by successful 
eradication suggested that gastric dysbiosis induced by H. pylori 
may be involved in gastric lesion progression.

In addition to the dysbiosis by H. pylori, we also revealed that 
an increase of Helicobacter with concomitant decrease of nine 
specific genera may be associated with advanced gastric lesions. 
Increased strength of correlations among these differential 
genera was shown in advanced lesion groups. Particularly, strong 
coexcluding interactions (significant negative correlations, r<0 
and p<0.05) were found between Helicobacter and Fusobacte-
rium, Neisseria, Prevotella, Veillonella, Rothia only in CAG and 
IM/DYS rather than in normal/SG group. Our study identified 
the interactions of Helicobacter and other gastric disease- related 
bacteria in carcinogenesis process, although the mechanisms 
remain unclear. The five H. pylori interactive taxa were among 
the common genera characterising healthy conditions of gastric 
microbiota. The coexcluding interactions of Neisseria and 
Prevotella with Helicobacter in advanced lesions, together with 
their previously reported depletion in GC,7 suggest possible 
roles in gastric carcinogenesis. The mutual modulation between 

gastric ecology and host immune status may serve as one of the 
mechanisms, for example, the link between immunosuppression 
and Prevotella depletion.32

Stool samples collected before and after treatment and from 
H. pylori negative subjects provided us an opportunity to assess 
gut as well as gastric microbiota. Previous multiple time point 
follow- up studies10 33 reported a short significant decrease of 
faecal microbial diversity one or 2 weeks after H. pylori eradica-
tion, and slow restoration in long term. These findings can help 
to explain our observations of no significant microbial diversity 
alterations as a consequence of slow restoration of faecal micro-
bial community 6 months after treatment.

Despite the relatively stable faecal microbial community, we 
identified some differential taxa after successful eradication. 
The decreased Bacteroidetes- to- Firmicutes ratio 6 months after 
eradication may provide one possible reason for weight gain as 
a potential adverse effect, since Firmicutes and Bacteroidetes 
were found related to lipid and bile acid metabolism and energy 
homoeostasis in host.34 Reversal of the ratio 18 months after 
eradication10 suggested the temporary nature and restorability 
of the imbalance. We also noticed that a well- known probi-
otic for inhibiting pathogens, Bifidobacterium- related taxa,35 
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was enriched only after successful eradication. This result may 
preliminarily suggest a beneficial effect of H. pylori eradica-
tion, since the influences on gut microbiota are complicated and 
large- scale confirmation is needed.

One of the main concerns about anti-H. pylori treatment is 
antibiotic resistance. We identified more upregulated drug- 
resistance- related functional orthologs in failed tetracycline 
containing treatment group, including multidrug- resistance 
protein, methicillin- resistance regulatory protein, vancomycin- 
resistance sensor histidine kinase, chloramphenicol- resistance 
protein as well as tetracycline- resistance protein. This phenom-
enon may serve as one of the numerous reasons for failed conse-
quence and suggested complicated effects of antibiotics on gut 
microbiota. On the contrary, most of the significantly altered 
drug- resistance functional orthologs were downregulated after 
successful eradication, suggesting one- time successful eradica-
tion may have beneficial effects on faecal microbiota, including 
probiotic enrichment and downregulation of drug- resistant 
mechanism.

Our study has several strengths. Different from previous retro-
spective studies, our prospective design with self- comparison 
before and after successful and failed treatment can effectively 
control the individual differences and complex confounding 
factors, and investigate the effects of H. pylori infection and 
medication therapy on microbiota in combination or sepa-
rately. The simultaneous collection of gastric biopsies and stool 
samples helped us to comprehensively understand the alterations 
of gastric and gut microbiota by anti-H. pylori treatment in the 
whole organism. However, our study’s limitations include a 
modest sample size and a lack of validation at various gastric 
lesions and GC. Furthermore, mechanism investigation is needed 
for a deeper understanding of the relationship between specific 
bacteria and H. pylori- associated gastric carcinogenesis.

In conclusion, our study identified H. pylori as one of the main 
factors for gastric microbial dysbiosis. Coexcluding interactions 
between Helicobacter and Fusobacterium, Neisseria, Prevotella, 
Veillonella, Rothia may be involved in the progression of 
gastric lesions or carcinogenesis, although validation is needed. 
Successful H. pylori eradication can lead to the restoration of 
gastric microbiota to a similar status of negative subjects, and 
may exert more beneficial effects on gut microbiota than failed 
treatment, such as probiotic enrichment and downregulation of 
drug- resistant mechanism. Our findings provide new insights 
into the microbial mechanism of H. pylori- associated gastric 
carcinogenesis and prevention strategy.
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