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Abstract: In addition to Helicobacter pylori (H.pylori), gastric microbiota may be involved in carcinogenesis process.
However, the longitudinal study to assess changes in the gastric microbiota associated with the development of
gastric carcinogenesis is still limited. The aim of this study is to explore dynamic microbial alterations in gastric
cancer (GC) development based on a 4-year endoscopic follow-up cohort in Linqu County, China. Microbial altera-
tions were investigated by deep sequencing of the microbial 16S ribosomal RNA gene in 179 subjects with various
gastric lesions, and validated in paired gastric biopsies prospectively collected before and after lesion progression
and in non-progression controls. Significant differences were found in microbial diversity and community structure
across various gastric lesions, with 62 candidate differential taxa between at least two lesion groups. Further vali-
dations identified Helicobacter, Bacillus, Capnocytophaga and Prevotella to be associated with lesion progression-
to-dysplasia (DYS)/GC (all P < 0.05), especially for subjects progressing from intestinal metaplasia (IM) to DYS/
GC. The combination of the four genera in a microbial dysbiosis index showed a significant difference after lesion
progression-to-DYS/GC compared to controls (P = 0.027). The panel including the four genera identified subjects
after progression-to-DYS/GC with an area under the receiver-operating curve (AUC) of 0.941. Predictive significance
was found before lesion progression-to-DYS/GC with an AUC = 0.776 and an even better AUC (0.927) for subjects
progressing from IM to DYS/GC. Microbiota may play different roles at different stages in gastric carcinogenesis. A
panel of bacterial genera associated with gastric lesions may help to assess gastric microbial dysbiosis and show
potential predictive values for lesion progression. Our findings provide new clues for the microbial mechanism of
H.pylori-associated carcinogenesis.
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Introduction Helicobacter pylori (H.pylori) is one of the most

important drivers of the multi-stage process

Gastric cancer (GC) is one of the most common
malignancy in the world and in China [1, 2].
Deeper understanding of the etiological factors
for gastric carcinogenesis is urgently needed
for GC control and prevention.

leading to GC development [3]. Accelerated
neoplasia progression by co-colonization of
intestinal bacteria with H.pylori in insulin-gas-
trin mice suggests potential contributions of
non-H.pylori bacteria to GC development [4, 5].
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Retrospective studies have demonstrated
H.pylori-associated microbial dysbiosis and
altered bacterial interactions in precancerous
gastric lesions and GC [6, 7]. However, the com-
plex influence factors on gastric microbiota,
such as host genetic background, dietary habit
and history of antibiotic use, require a valida-
tion of previous results in a prospective study.

Our previous intervention study found recovery
of gastric microbial dysbiosis and significant
alterations of H.pylori-interactive bacteria
(Prevotella, Neisseria, Fusobacterium, etc) in
paired gastric biopsies before and six months
after eradication [8]. Although the associations
between these candidate H.pylori-interactive
bacteria and precancerous lesions were pre-
liminarily validated, the causal and temporal
relationships between gastric microbiota and
the natural evolution of precancerous lesions
to GC still need solid evidence from a long-term
follow-up cohort.

In the present study, gastric microbial profiling
was compared in various gastric lesions by
deep sequencing of the 16S ribosomal RNA
(16S rRNA) gene. Differential taxa selected
comprehensively according to the gastric lesion
and H.pylori infection status were further vali-
dated in a 4-year endoscopic follow-up cohort
with paired biopsies before and after lesion
progression. This unique prospective self-con-
trol design helps us to better understand micro-
bial alterations during GC evolution and to
explore predictive microbial markers for gastric
lesion progression.

Material and methods
Patient and public involvement

Lingu County in Shandong province, China, is a
high-risk area with one of the highest GC mor-
tality rates in the world. From 2012 to 2016,
the National Upper Gastrointestinal Cancer
Early Detection Project conducted endoscopic
examinations in about 1500 Linqu County resi-
dents (aged 40-69 years) annually. About 70%
of the project participants were selected using
cluster randomization by village for initial
screening, and 30% were invited from the previ-
ous screening participants (especially those
subjects with advanced gastric lesions) for fol-
low-up examination.
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Within the framework of this project, 332 volun-
teers were recruited from 10 villages in
December 2016 for initial screening. A total of
193 subjects were enrolled for completing
standard upper endoscopic examination and
providing extra fresh gastric biopsy samples for
microbiota analysis. Among them, 16S rRNA
sequencing results were successfully obtained
from 158 subjects, including 35 showing nor-
mal/superficial gastritis (SG), 52 presenting
chronic atrophic gastritis (CAG), 67 with intesti-
nal metaplasia (IM), 2 with Dysplasia (DYS) and
2 with GC (Figure 1).

For the 4-year endoscopic follow-up partici-
pants, 31 cases were enrolled as progression
subjects with higher gastric lesion grades in
follow-up endoscopic examinations compared
to initial screening and paired fresh gastric
biopsies. For each progression subject, one
control was randomly selected from individuals
who did not show lesion progression from initial
to follow-up time point. Controls were matched
by sex, age, and calendar year of paired fresh
biopsy collection to progression subjects.
Sequencing results were successfully obtained
in 26 initial (diagnosed as 8 normal/SGs, 4
CAGs, 11 IMs and 3 DYSs) and 28 follow-up
biopsies (7 progressed to IM, 15 to DYS and 6
to GC) from 31 progression subjects, and 29
initial (13 normal/SGs, 10 CAGs, 6 IMs) and 26
follow-up biopsies (18 normal/SGs, 3 CAGs,
and 5 IMs) from 31 non-progression controls.
To investigate microbiota in various gastric
lesions, we added the 21 follow-up DYS/GC
subjects after lesion progression with complet-
ed sequencing results to 158 initial screening
subjects for the small case number of initial 2
DYSs and 2 GCs (Figure 1).

All subjects provided general information about
age, sex, cigarette and alcohol consumption
habits, and written informed consent. This
study was approved by the Institutional Review
Boards of Peking University Cancer Hospital
and Institute.

Upper endoscopic examination and histopa-
thology

Upper endoscopic examinations were conduct-
ed by two experienced gastroenterologists
using video endoscopes (Olympus). The gastric
mucosa was examined and biopsies were col-
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Figure 1. Flow diagram of study design and participant involved. CAG, chronic atrophic gastritis; DYS, dysplasia; GC, gastric cancer; IM, intestinal metaplasia; SG,

superficial gastritis.
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lected from the antrum or suspicious appearing
lesions for pathological diagnosis. An extra
fresh biopsy was taken from the lesser curva-
ture of the antrum and frozen immediately in
liquid nitrogen for microbiota analysis. The gas-
tric mucosa specimens were reviewed blindly
by two pathologists according to the Chinese
Association of Gastric Cancer [9] and the
Updated Sydney System [10]. Each biopsy was
graded as normal, SG, CAG, IM, DYS and GC
based on the most severe histology.

DNA extraction and 16S rRNA gene sequenc-
ing

DNA extraction was performed using the
QlAamp DNA Mini Kit according to the manu-
facturer’s instructions. The hypervariable re-
gion V3-V4 of microbial 16S rRNA gene was
amplified using universal primers (341F,
5-CCTACGGGNBGCASCAG-3’; 805R, 5-GACT-
ACNVGGGTATCTAAT CC-3’). The PCR products
were purified using QIAquick Gel Extraction Kit
(Qiagen). The resulting amplicon library was
sequenced on an lllumina Hiseq 2500 PE250
platform.

Sequencing data analysis and H.pylori infec-
tion status determination

The 16S rRNA gene sequence raw reads were
processed using the IMNGS (www.imngs.org)
platform [11], a UPARSE based analysis pipe-
line [12]. Pairing, quality filtering and OTU clus-
tering at 97% similarity with a relative abun-
dance =2 0.1% in at least one sample were per-
formed by USEARCH 8.0 [13]. Taxonomic clas-
sification was assigned by RDP classifier ver-
sion 2.11 training set 15 [14].

To determine the H.pylori infection status, the
16S rRNA gene sequences were analyzed by
QIIME software package and the UPARSE pipe-
line. The sequences were annotated to species
level using the Greengenes database. Samples
with H.pylori relative abundance < 1% were
defined as H.pylori-negative, while samples
with H.pylori relative abundance > 1% were
defined as H.pylori-positive, as previously
described [15].

Statistical analysis

Microbial diversity indexes were profiled using
Rhea [16] based on R software. Comparisons
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of richness and Shannon indexes were per-
formed by unconditional logistic regression
adjusting for age, sex, smoking and alcohol
consumption status among various gastric
lesions. The generalized Unifrac distance was
used for microbial community structure com-
parison, and non-metric multi-dimensional
scaling (NMDS) plots were generated for visual-
ization. p values were calculated by the
PERMANOVA test and adjusted for multiple
comparisons by the false discovery rate (FDR)
[17]. The corresponding g-values < 0.05 were
considered statistically significant.

Candidate differential taxa across gastric
lesions were preliminarily selected for subse-
quent validation by unconditional logistic re-
gression adjusting for age, sex, smoking and
alcohol consumption status with g-values <
0.10 after multiple testing adjustment. Mann-
Whitney U test was used for the comparisons of
the candidate genera between progression and
non-progression subjects. Multivariate logistic
regression adjusted for age and sex was per-
formed to compare the specific genera between
progression-to-DYS/GC subjects and non-pro-
gression controls.

Functional capabilities of mucosal-associated
microbiota was predicted using Tax4Fun [18]
based on SILVA SSU rRNA database [19] and
Kyoto Encyclopedia of Genes and Genomes
(KEGG) [20]. The comparisons of functional
compositions and metabolic pathways among
subjects with different gastric lesions were
performed by multivariate logistic regression
adjusted for age, sex, smoking and alcohol con-
sumption status, with a significance threshold
of g-values < 0.05 after multiple testing adjust-
ment by FDR. Further validation of candidate
differential pathways between progression and
non-progression IM subjects was performed
by Mann-Whitney U test with the significance
threshold of p-values < 0.05.

Results
Characteristics of study subjects

Among the 193 initial endoscopic screening
subjects enrolled from the National Upper
Gastrointestinal Cancer Early Detection Project
in 2016 Dec, 16S rRNA sequencing results
were obtained from 158 subjects, including 35
showing normal/SG, 52 presenting CAG, 67
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with IM, 2 with DYS and 2 with GC. In the endo-
scopic follow-up participants from 2012 to
2016, 31 lesion progression subjects and 31
matched non-progression controls were en-
rolled with the paired fresh gastric biopsies
from initial and follow-up examinations.
Sequencing results were successfully obtained
in 26 initial (diagnosed as 8 normal/SGs, 4
CAGs, 11 IMs and 3 DYSs) and 28 follow-up
biopsies (7 progressed to IM, 15 to DYS and 6
to GC) from 31 progression subjects, and 29
initial (13 normal/SGs, 10 CAGs, 6 IMs) and 26
follow-up biopsies (18 normal/SGs, 3 CAGs,
and 5 IMs) from 31 non-progression controls.
To investigate microbiota in various gastric
lesions, we added the 21 follow-up DYS/GC
subjects after lesion progression with complet-
ed sequencing results to 158 initial screening
subjects for the small case number of initial 2
DYSs and 2 GCs (Figure 1).

The general characteristics of the 179 subjects
(158 initial screening subjects and 21 follow-up
DYS/GC subjects) showing various gastric
lesions are presented in Supplementary Table
1. Compared to normal/SG group, subjects in
IM and DYS/GC groups were older and showed
higher frequencies of males and cigarette
smokers (all P < 0.05). Alcohol consumption
was higher in CAG, IM and DYS/GC groups com-
pared to normal/SG (all P < 0.05). The pres-
ence of H.pylori infection was increased signifi-
cantly from normal/SG (74.3%) to CAG (92.3%)
and IM (94.0%, both P < 0.001), while decre-
ased in DYS/GC (60.0%, P = 0.241).

Associations between gastric microbial diver-
sity and gastric lesions

Microbial alpha diversity analysis revealed that
the richness and Shannon indexes were signifi-
cantly decreased from normal/SG to CAG and
IM (all P < 0.001). The indexes in DYS/GC were
higher than those in CAG and IM (all P < 0.001),
while similar to those in normal/SG (Figure 2A,
2B).

Microbial community structure comparison
found significant differences when comparing
CAG, IM and DYS/GC with normal/SG (all g =
0.002) and when comparing DYS/GC and IM
groups (g = 0.038), while no significant differ-
ences between IM and CAG (g = 0.630), or
DYS/GC and CAG (g = 0.536) were detected
(Figure 2C-H).
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Differential taxa among various gastric lesions

To screen candidate differential bacteria across
gastric lesions for further validation, the taxa
with relative abundance median > 0.1% in at
least one gastric lesion group were compared.
A total of 62 candidate taxa were preliminarily
selected with g < 0.10 after multiple-testing
FDR correction in the comparisons of any two
lesion groups (Supplementary Table 2). Among
them, the relative abundances of 5 taxa were
significantly higher in CAG and IM compared to
normal/SG, but lower in DYS/GC compared to
IM and CAG (all g < 0.05), which were all H.pylori
related including Proteobacteria (phylum), Ep-
silonproteobacteria (class), Campylobacterales
(order), Helicobacteraceae (family) and Helico-
bacter (genus).

In the other 57 candidate taxa, the abundances
of Actinobacteria, Bacteroidetes, Firmicutes,
Fusobacteria at phylum level were lower in CAG
or IM with normal/SG as reference (all g <
0.10). Although no significant difference was
found between DYS/GC and normal/SG groups,
the abundances of Actinobacteria, Bacte-
roidetes, Firmicutes were found to be margin-
ally higher in DYS/GC compared to IM or CAG
(all g < 0.10). In addition, 17 non-Helicobacter
genera were found differentially distributed in
the comparisons of any two lesion groups (all
q < 0.10, Supplementary Table 2).

Because of the different distribution of H.pylori
in various lesion groups, we further analyzed
the associations between the 17 non-Helico-
bacter candidate genera and gastric lesions
stratified by H.pylori status. In H.pylori positive
subjects, 14 genera were found in lower abun-
dances in CAG or IM compared to normal/SG,
and 9 genera were found in higher amounts in
DYS/GC compared to IM (all P < 0.05, Table 1).
In H.pylori negative subjects, no significant dif-
ference was found in various groups (all P >

0.05, Supplementary Table 3).

Prospective validation of the candidate genera
associated with gastric lesions

Helicobacter and the 17 non-Helicobacter gen-
era associated with gastric lesions were pre-
liminarily validated in progression and non-pro-
gression subjects based on our 4-year endo-
scopic follow-up cohort. Bacillus was found to
be more abundant in the initial biopsies before
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Figure 2. Microbial diversity and community structure in various gastric lesions. Boxplots presenting (A) richness
index and (B) Shannon index decreased from normal/SG to CAG and IM, and increased in DYS/GC compared to
CAG and IM. Microbial community structure comparisons in various gastric lesions showing significant differences
(C) between normal/SG and CAG, (D) between normal/SG and IM, (E) between normal/SG and DYS/GC, and (G)
between DYS/GC and IM, respectively. While no significant difference was found in microbial community structure
(F) between DYS/GC and CAG, and (H) between IM and CAG. ®Unconditional logistic regression adjusted for age, sex,
smoking and alcohol consumption status. PPERMANOVA test. CAG, chronic atrophic gastritis; DYS, dysplasia; GC,
gastric cancer; IM, intestinal metaplasia; SG, superficial gastritis.

progression compared to non-progression con-
trols, P = 0.040. When comparing follow-up
biopsies, Helicobacter abundance was lower
and 9 non-Helicobacter genera were enriched
in the progression compared to non-progres-
sion group (all P < 0.05, Table 2).
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The 10 differential genera were compared
between 21 progression-to-DYS/GC subjects
and non-progression controls. The remarkable
decline of Helicobacter and enrichment of
Bacillus, Capnocytophaga, and Prevotella were
observed after progression-to-DYS/GC com-
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Table 1. Significantly altered non-Helicobacter genera in H.pylori positive subjects with various gastric lesions

. normal/SG* CAG®  IM®  DYS/GC® ngfn?a‘l"/ze nolr'\:ﬁz‘;\/.lj'SG %‘:‘r/n 2?/;2 DYS/GCv.s. CAG  DYS/GC v.s. IM

n=26 n=48 n=63 n=15 OR® pvalue® OR* pvalue® OR" pvalue® ORP p value® OR"*  pvalue®
g__ Acinetobacter 0.16%  0.01% 0.01% 0.24% 105 0584 0.66 0269 175 0422 105 0656 479 0.007
g Actinomyces 0.14%  0.03% 0.04% 012% 007 0.015 004 0005 021 0252 10.82 0.099 1990 0.032
g Bacillus 0.02%  0.00% 0.00% 0.06% 0.01 0.043 001 0020 074 0.802 >999.99 0020 505.92 0.032
g__Campylobacter 0.13%  0.01% 0.01% 0.08% 0.03 0.015 <0.001 0.001 099 0996 1410 0.094 82520 0.024
g__Capnocytophaga 0.13%  0.02% 0.02% 0.08% 021 0022 0417 0011 036 0266 115 0890 447 0177
g__Fusobacterium 150%  047% 0.20% 0.34% 061 0003 049 0001 052 0099 099 0961 119 0579
g_ Granulicatella 0.42%  0.05% 0.09% 0.15% 026 0013 052 0110 058 0583 151 0578 128 0.627
g_ Neisseria 432%  0.37% 0.40% 1.52% 0.88 0.009 081 0002 086 0119 101 0822 122 0038
g_ Peptostreptococcus ~ 0.08%  0.02% 0.01% 0.05% 0.03 0.006 0.01 0006 022 0.328 897 0169 39.44 0.029
g__Porphyromonas 1.06% 0.12% 0.15% 0.40% 0.58 0.007 0.46 0.004 0.55 0.149 0.96 0.884 1.70  0.187
g Prevotella 313%  0.45% 0.40% 0.87% 084 0.025 072 0001 072 0109  1.01 0959 125 0.114
g__Pseudomonas 0.13% 0.01% 0.01% 0.32% 008 0.008 008 0007 227 0305 2651 0037 239.67 0.002
&__Ralstonia 0.01% 0.00% 0.00% 0.23% 025 0108 083 0.725 6.96 0093 1124 0026 600 0.007
g_ Rothia 0.69%  0.07% 0.14% 0.30% 0.42 0006 043 0002 069 0260 189 0067 181 0079
__Sphingomonas 0.18% 0.01% 0.01% 0.48% 091 0779 065 0373 360 0089 222 0030 796 0.003
g__ Streptococcus 2.74%  0.48% 0.86% 0.72% 0.75 0.003 091 0.047 094 0533 121 0045 107 0244
g Veillonella 0.42%  0.13% 0.24% 0.26% 0.50 0.017 054 0020 0.84 0651 145 0320 175 0.107

aRelative abundance median of non-Helicobacter genera; "Unconditional logistic regression adjusted for age, sex, smoking and alcohol consumption status. CAG, chronic atrophic
gastritis; DYS, dysplasia; GC, gastric cancer; IM, intestinal metaplasia; OR, odds ratio; SG, superficial gastritis.
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Table 2. The validation of gastric lesion associated genera in progression and non-progression sub-

jects
Initial biopsies Follow-up biopsies
Prongr=ezzlon Non—pr)]rc;gg;ssmn p value® Prc;]gie;sélon Non—pr)]rc;ggzssmn p value®

g__Acinetobacter 0.44% 0.64% 0.601 0.41% 0.19% 0.188
g__Actinomyces 0.27% 0.29% 0.866 0.40% 0.16% 0.039
g__Bacillus 0.04% 0.01% 0.040 0.12% 0.00% <0.001
g__Campylobacter 0.12% 0.14% 0.649 0.19% 0.07% 0.023
g__Capnocytophaga 0.23% 0.21% 0.625 0.39% 0.13% 0.018
g__Fusobacterium 0.72% 0.64% 0.590 1.37% 0.43% 0.059
g__Granulicatella 0.22% 0.26% 0.866 0.56% 0.21% 0.045
8__Helicobacter 1.77% 3.82% 0.686 1.04% 50.31% 0.033
g__Neisseria 1.47% 2.31% 0.625 4.92% 1.54% 0.036
8__Peptostreptococcus 0.14% 0.09% 0.273 0.28% 0.11% 0.062
g__Porphyromonas 0.99% 0.53% 0.711 0.86% 0.54% 0.046
g__Prevotella 2.27% 1.91% 0.866 3.97% 1.36% 0.002
g__Pseudomonas 0.21% 0.35% 0.337 0.32% 0.41% 0.755
£__Ralstonia 0.43% 0.86% 0.074 0.76% 0.46% 0.324
g__Rothia 0.56% 0.72% 0.774 0.91% 0.31% 0.087
g__Sphingomonas 0.61% 0.85% 0.381 0.79% 0.55% 0.640
g__Streptococcus 1.56% 2.27% 0.893 2.55% 1.20% 0.062
g__Veillonella 0.76% 0.56% 0.438 1.38% 0.37% 0.019

aMann-Whitney U test.

Table 3. The validation of gastric lesion associated genera in subjects who progressed to DYS/GC and

non-progression controls

Initial biopsies

Follow-up biopsies

Progression- .
Non-progression

Progression- .
Non-progression

to;]DIS2/C()3C N =29 p value? to—nDlsz/j(-iC =26 p value?
g__Actinomyces 0.17% 0.29% 0.523 0.30% 0.16% 0.500
g__Bacillus 0.12% 0.01% 0.091 0.19% 0.00% 0.005
g__Campylobacter 0.07% 0.14% 0.349 0.14% 0.07% 0.082
g__Capnocytophaga 0.07% 0.21% 0.163 0.30% 0.13% 0.042
g__Granulicatella 0.20% 0.26% 0.802 0.25% 0.21% 0.193
g__Helicobacter 3.77% 3.82% 0.472 1.92% 50.31% 0.045
g__Neisseria 0.89% 2.31% 0.303 4.84% 1.54% 0.206
g__Porphyromonas 0.40% 0.53% 0.399 0.77% 0.54% 0.304
g__Prevotella 0.81% 1.91% 0.423 2.86% 1.36% 0.033
g__Veillonella 0.37% 0.56% 0.914 0.99% 0.37% 0.250

aUnconditional logistic regression adjusted for age and sex. DYS, dysplasia; GC, gastric cancer.

pared to non-progression controls (all P < 0.05,
Table 3). In initial biopsies, no significant differ-
ence of genera was found before progression-
t0-DYS/GC compared to the controls, all P >
0.05.
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Because of the different microbiota alterations
in early (normal/SG to CAG or IM) and late (IM to
DYS/GC) stages according to our cross-section-
al comparisons, the four significant genera
associated with advanced lesion progression
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were validated in 11 pairs of biopsies before
and after progression from IM to DYS/GC and
5 pairs of biopsies from non-progression IM
controls. The abundances of Bacillus, Capno-
cytophaga, Prevotella were increased, while
Helicobacter was decreased significantly in fol-
low-up biopsies after the progression com-
pared to the controls (all P < 0.05). Similar
alteration trends were also found in initial
biopsies before the progression compared to
the controls, although marginal significance
could only be found for Bacillus (P = 0.069,
Supplementary Table 4).

Associations of microbial dysbiosis with ad-
vanced gastric lesion progression

We calculated Microbial Dysbiosis Index (MDI)
with Helicobacter, Bacillus, Capnocytophaga
and Prevotella according to the following for-
mula: MDI = log (total abundance of genera
increased after lesion progression/total abun-
dance of genera decreased after lesion pro-
gression). MDI median was higher in DYS/GC
compared to all of the other lesions (hormal/
SG/CAG/IM), P < 0.001 (Figure 3A). Although
the MDI medians in the initial biopsies showed
no difference between progression-to-DYS/GC
and non-progression subjects, the increasing
and decreasing trends of MDIs in two groups
may lead to higher MDI in follow-up biopsies of
progression-to-DYS/GC subjects compared to
controls, P = 0.027 (Figure 3B). The same ten-
dency of MDI can also be observed when com-
paring the progression-to-DYS/GC with non-
progression IM subjects (P = 0.009, Figure 3C).

Discrimination of gastric lesion prognosis by
specific genera

By combining the four significant genera (Ba-
cillus, Capnocytophaga, Helicobacer, Prevo-
tella) with age and sex, receiver operating char-
acteristics (ROC) curve analysis showed out-
standing performance in distinguishing follow-
up subjects after lesion progression from non-
progression controls, with an area under the
curve (AUC) of 0.927 (Figure 4A). A similar AUC
(0.941) was found to distinguish subjects after
progression-to-DYS/GC from controls, all P <
0.001 (Figure 4B).

To investigate the predictive significance for
lesion progression, ROC analysis was per-
formed in the initial biopsies of progression and
non-progression subjects. The panel including
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age, sex and the four genera did not differenti-
ate between progression and non-progression
subjects with an AUC of 0.639, P = 0.077
(Figure 4C). In contrast, when restricting to the
progression-to-DYS/GC subjects or on the sub-
set of progression subjects from IM to DYS/GC,
the AUCs improved to 0.776 (P = 0.001) and
0.927 (P = 0.008), respectively (Figure 4D, 4E).

Alterations of predicted microbiota functional
capacity in gastric lesion progression

Microbial functional capacity prediction prelimi-
narily found 47 up-regulated and 91 down-reg-
ulated metabolic pathways in CAG and IM sub-
jects compared to normal/SG (all g < 0.001).
When we compared DYS/GC with IM, 151
significantly up-regulated and 46 down-regulat-
ed pathways were detected (all g < 0.001,
Supplementary Table 5).

From the 151 up-regulated pathways in DYS/
GC, 96 candidates (q < 0.001, fold change > 5)
were validated in paired biopsies from progres-
sion-to-DYS/GC (n = 11) and non-progression
(n = 5) IM subjects. The most significant (all P =
0.006) pathways identified in follow-up biop-
sies after progression compared to non-pro-
gression controls included “protein digestion
and absorption”, “lipoic acid metabolism”, “bio-
synthesis of type Il polyketide products”, “bio-
synthesis of 12-, 14- and 16-membered macro-
lides”, “steroid biosynthesis”, “sesquiterpenoid
and triterpenoid biosynthesis”, “serotonergic
synapse”, “steroid degradation”, “adipocyto-
Kine signaling pathway”, “PPAR signaling path-
way” and “DDT degradation” (Supplementary
Table 6).

The exploration of nitrite metabolic related
functional orthologues revealed over-represen-
tation of 24 proteins in DYS/GC compared to
IM (all g < 0.001, Supplementary Table 7).
Prospective validation confirmed increases of
12 proteins after progression compared to
non-progression IM subjects (P < 0.05) includ-
ing nitrite reductase, nitric oxide dioxygenase,
nitrate/nitrite response regulator NarL, nitrite
reductase (NAD(P)H) subunits, nitric oxide-sen-
sitive transcriptional repressor, nitrate/nitrite
transporter, etc. Similarly, increasing nitric
oxide dioxygenase was also observed in the
intra-individual comparison between follow-up
and initial biopsies of progression IM subjects,
(P =10.010, Supplementary Table 8).
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Figure 4. The discrimination of lesion progression by a panel with specific genera. Outstanding discriminatory performance was found by receiver operating char-
acteristic (ROC) curve analysis using the panel of Bacillus, Capnocytophaga, Prevotella, Helicobacter, age and sex for (A) follow-up biopsies after lesion progression
with an area under the curve (AUC) of 0.927 (P < 0.001) and for (B) follow-up biopsies after lesion progression-to-DYS/GC with an AUC of 0.941 (P < 0.001). Predic-
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Discussion

Our population-based long-term follow-up study
in a high-risk area of GC suggests that microbi-
ota may act differently at different stages of GC
development. This includes the initial driving of
H.pylori and suppression of gastric commen-
sals at the early stage, and depletion of H.pylori
with enrichment of other genera at the late
stage. A panel of four genera associated with
gastric lesions may characterize microbial dys-
biosis and help to discriminate and even pre-
dict the lesion progression.

Studies have revealed that low gastric microbi-
al diversity induced by H.pylori infection may be
associated with precancerous lesions and GC
[6, 7, 24]. Our previous study found that suc-
cessful eradication can restore microbial diver-
sity to similar levels as that observed in H.pylori
negative subjects [8]. Our results confirm a sig-
nificantly lower microbial diversity and different
microbial community structure with the greater
abundances of H.pylori related taxa in CAG or
IM compared to normal/SG. We also found an
interesting restoration of gastric microbial
diversity with decreased H.pylori related taxa
from IM to DYS/GC, although the microbial
community structure still showed a remarkable
difference between DYS/GC and IM or normal/
SG. Our results suggest that H.pylori may dis-
turb gastric microbiota and initiate gastric
lesion progression from an early stage, which
may be further altered in later stages.

In the early stage of gastric lesions, H.pylori is
dominant in the stomach due to its adaptability
to acidic pH [22, 23]. The subsequent persis-
tence of inflammation, and the loss of acid-
secreting parietal cells after H.pylori infection,
make the environment more suitable for coloni-
zation of other bacteria and contribute to lesion
progression [24, 25]. In addition to H.pylori
related taxa, our study further identified 57
other differential taxa including lower abun-
dances of Actinobacteria, Bacteroidetes, Firm-
icutes and Fusobacteria in CAG or IM compared
to normal/SG, and greater abundances of
Actinobacteria, Bacteroidetes and Firmicutes
in DYS/GC compared to IM. The occurrence of
differential taxa supports different microbial
mechanisms in early and late gastric carcino-
genesis stages.

We found that 17 non-Helicobacter genera
were significantly associated with gastric le-

572

sions only in H.pylori positive subjects, instead
of in negative subjects. The 17 lesion associat-
ed genera also include the five strong co-
excluding interactive genera of Helicobacter in
advanced gastric lesions [8] in our previous
intervention study. These consistent results
suggest possible interactions between Helico-
bacter and the non-Helicobacter genera in gas-
tric lesion development. Although non-H.pylori
bacteria were reported to be associated with
persistent inflammation and atrophy/IM in the
stomach in a 1 year follow-up study after
H.pylori eradication [26], our long-term pro-
spective study further identified that the
decrease of Helicobacter and concomitant
increase of Bacillus, Capnocytophaga, Prevo-
tella may be associated with lesion progres-
sion-to-DYS/GC. Our results confirm the hypoth-
esis that the replacement of H.pylori by other
bacteria may favor late-stage progression.

Although the functions of H.pylori in GC devel-
opment have been well studied, the roles of
other non-H.pylori bacteria have only recently
started attracting attention [25]. Prevotella and
Capnocytophaga are commensal in the oral
cavity and associate with several cancers,
including oral squamous cell carcinoma, lung
cancer and GC [27]. They may act as opportun-
istic pathogens by producing inflammatory
mediators, inducing chronic inflammation, and
facilitating cell proliferation and oncogene acti-
vation [28, 29]. Bacillus genus, which was
reported to be enriched in GC [30, 31], has
been considered transient intestinal microbio-
ta and can secrete a wide range of compounds
with systemic effects on the host [32]. Further
studies are needed to investigate whether
the newly found non-Helicobacter genera can
serve as independent risk factors for GC
progression.

The MDI integrating Helicobacter and the three
non-Helicobacter genera showed higher degree
of microbial dysbiosis in DYS/GC compared to
the benign conditions, which is in line with a
previous retrospective study [7]. Furthermore,
our long-term follow-up study allowed the pro-
spective monitoring of microbial dysbiosis in
gastric carcinogenesis. The increasing and
decreasing trends of dysbiosis from initial sta-
tus in progression and non-progression sub-
jects cause significantly higher MDI after pro-
gression-to-DYS/GC (especially for initial IM
subjects) compared to controls. These dynamic
changes of microbial dysbiosis may help us to
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better understand the role of microbiota in
lesion progression.

Tentative explorations have been conducted in
some retrospective studies using selected bac-
teria to detect GC [6, 7]. Our panel of age, sex
and four specific genera can easily distinguish
the advanced gastric lesions (especially DYS/
GC) after long-term progression from controls.
This panel also shows potential predictive val-
ues in the initial biopsies before the progres-
sion-to-DYS/GC with an AUC of 0.776. An even
better predictive effect (AUC of 0.927) was
achieved to predict the progression-to-DYS/GC
in IM subjects, although the discrimination and
prediction effects still need future studies in
larger cohorts with longer follow-up.

Microbiota may be associated with energy
metabolism, nutrients absorption and patho-
gens defense [33]. Microbial functional capaci-
ty prediction during carcinogenesis, especially
at the late stage, can help us to better under-
stand the possible mechanisms. The increases
of protein and adipose metabolism pathway,
PPAR signaling pathway, nitrite reductase and
nitric oxide dioxygenase, validated both in the
cross-sectional and prospective comparisons
from IM to DYS, suggest an important role of
microbial metabolic regulation at the critical
stage of malignant transformation.

The strengths of our study lie in complementary
design by combining a cross-sectional study
with a 4-year follow-up study with paired biop-
sies before and after gastric lesion progression
(especially to DYS/GC). The microbial altera-
tions in different lesions can be proven dynami-
cally during the natural evolution of GC, ena-
bling the verification of their temporal relation-
ships. The initial biopsies collected before
lesion progression provide us with a unique
opportunity to evaluate the predictive value of
the microbial panel for the risk of gastric lesion
progression, especially for DYS/GC lesions.
However, our study has some limitations, in-
cluding a small sample size of paired biopsies
from progression subjects and a lack of
validation in different populations. Further-
more, the possible microbial mechanisms in
gastric lesion progression still needs further
investigation.

In conclusion, our high-risk population-based
study suggests that microbiota may play differ-
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ent roles at different stages of GC develop-
ment, including initial H.pylori infection at early
stage, and replacement of H.pylori by other
GC-related genera at later stages. The panel of
Helicobacter, Bacillus, Capnocytophaga, and
Prevotella may help to discriminate advanced
gastric lesions and even show predictive value
for lesion progression. Our findings provide new
clues for microbial mechanisms of H.pylori-
associated carcinogenesis, although further
larger and multicenter validations are still
needed.
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Supplementary Table 1. General characteristics of subjects with various gastric lesions

Total normal/SG CAG IM DYS/GC
n=179 n=35 n=>52 p value? n==67 p value® n=25 p value®
Age, years (Mean * SD)? 55.9+8.3 53.8+ 7.8 53.4+9.3 0.835 585+ 7.7 0.005 576 +6.4 0.044
Sex® 0.088 0.009 0.001
Male 105 (58.7%) 13 (37.1%) 29 (55.8%) 43 (64.2%) 20 (80.0%)
Female 74 (41.3%) 22 (62.9%) 23 (44.2%) 24 (35.8%) 5 (20.0%)
Smoking® 0.331 0.019 0.023
No 134 (74.9%) 31 (88.6%) 42 (80.8%) 45 (67.2%) 16 (64.0%)
Yes 45 (25.1%) 4 (11.4%) 10 (19.2%) 22 (32.8%) 9 (36.0%)
Alcohol consumption® 0.035 0.031 0.010
No 122 (68.2%) 30 (85.7%) 34 (65.4%) 44 (65.7%) 14 (56.0%)
Yes 57 (31.8%) 5 (14.3%) 18 (34.6%) 23 (34.3%) 11 (44.0%)
H. pylori infection® <0.001 <0.001 0.241
Negative 27 (15.1%) 9 (25.7%) 4 (7.7%) 4 (6.0%) 10 (40.0%)
Positive 152 (84.9%) 26 (74.3%) 48 (92.3%) 63 (94.0%) 15 (60.0%)

aCAG group v.s. normal/SG group; °IM group v.s. normal/SG group; °DYS/GC group v.s. normal/SG group; %t-test; ¢x? test; CAG, chronic atrophic gastritis; DYS, dysplasia; GC, gastric
cancer; H.pylori, Helicobacter pylori; IM, intestinal metaplasia; SG, superficial gastritis.
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Supplementary Table 2. Differentially distributed taxa among various gastric lesions

normal/ CAGY IM® DYS/ CAG v.s. IM v.s. DYS/GC v.s.

Taxa® SG® GC*  normal/SG normal/SG normal/SG DYS/GCvs. CAG  DYS/GCv.s. IM

n=35 n=52 n=67 n=25 OR® gvalue® OR° gvalue® OR°® qvalue® OR° gvaluec  OR® g value®

H. pylori related taxa
Phylum p__Proteobacteria 36.39% 91.04% 90.46% 30.99% 1.05 0.002 1.04 0.002 0.99 0.993 0.95 0.001 0.95 0.001
Class c__Epsilonproteobacteria  3.74% 89.28% 88.63% 2.57% 1.03 0.002 1.03 0.002 1.00 0.993 0.97 0.006 0.97 0.001
Order o__Campylobacterales 3.74% 89.28% 88.63% 2.57% 1.03 0.002 1.03 0.002 1.00 0.993 0.97 0.006 0.97 0.001

Family f__Helicobacteraceae 3.45% 89.27% 88.59% 1.92% 1.03 0.002 1.03 0.002 1.00 0.993 0.97 0.001 0.97 0.001
Genus g__Helicobacter 3.45% 89.27% 88.59% 1.92% 1.03 0.002 1.03 0.002 1.00 0.993 0.97 0.001 0.97 0.001
Other candidate taxa
Phylum p__Fusobacteria 2.56% 0.22% 0.32% 2.00% 0.69 0.064 0.69 0.052 1.06 0.993 1.34 0.332 142 0.131
Phylum p__Actinobacteria 2.72% 0.43% 0.50% 2.39% 0.74 0.079 0.74 0.082 0.93 0.993 1.36 0.130 1.37 0.060
Phylum p__Firmicutes 12.94% 2.52% 2.91% 12.41% 0.91 0.079 0.95 0.284 1.02 0.993 1.11 0.089 1.06 0.172
Phylum p__Bacteroidetes 14.18% 1.85% 2.65% 11.25% 0.92 0.064 0.92 0.100 1.00 0.993 1.08 0.251 111 0.046
Class c__Negativicutes 1.31% 0.36% 0.39% 1.83% 0.51 0.064 0.58 0.102 1.21 0.993 2.36 0.076 1.98 0.039
Class c__Clostridia 2.74% 0.68% 0.77% 1.94% 0.68 0.087 0.86 0.515 0.90 0.993 1.43 0.258 1.22 0.330
Class c__Fusobacteriia 2.56% 0.22% 0.32% 2.00% 0.69 0.064 0.69 0.052 1.06 0.993 1.34 0.332 1.42 0.131
Class c__Actinobacteria 2.72% 0.43% 0.50% 2.39% 0.74 0.079 0.74 0.089 0.93 0.993 1.36 0.130 1.37 0.061
Class c__Betaproteobacteria 7.79% 0.76% 0.81% 7.21% 0.89 0.064 0.91 0.121 0.93 0.993 1.10 0.402 1.07 0.393
Class c__Bacteroidia 12.39% 1.60% 2.63% 7.75% 0.92 0.064 0.91 0.102 0.98 0.993 1.07 0.466 1.09 0.157
Class c__Flavobacteriia 0.52% 0.06% 0.05% 1.15% 0.43 0.247 0.53 0.324 153 0.993 5.90 0.023 491 0.012
Class c__Alphaproteobacteria 1.20% 0.09% 0.08% 2.65% 0.94 0.934 0.82 0.544 1.18 0.993 1.15 0.829 1.59 0.032
Order o__Burkholderiales 0.96% 0.10% 0.10% 1.43% 0.45 0.088 1.01 0.990 1.35 0.993 2.92 0.035 1.01 0.990
Order o__Selenomonadales 1.31% 0.36% 0.39% 1.83% 0.51 0.064 0.58 0.102 1.21 0.993 2.36 0.076 1.98 0.039
Order o__Clostridiales 2.74% 0.68% 0.77% 1.94% 0.68 0.087 0.86 0.515 0.90 0.993 1.43 0.258 1.22  0.330
Order o__Fusobacteriales 2.56% 0.22% 0.32% 2.00% 0.69 0.064 0.69 0.052 1.06 0.993 1.34 0.332 1.42 0.131
Order o__Actinomycetales 245% 0.30% 0.41% 1.92% 0.71 0.079 0.72 0.100 0.93 0.993 1.45 0.107 1.43 0.054
Order o__Neisseriales 541% 0.58% 0.62% 5.09% 0.90 0.088 0.85 0.052 0.91 0.993 1.07 0.759 119 0.081
Order o__Bacteroidales 12.39% 1.60% 2.63% 7.75% 0.92 0.064 0.91 0.102 0.98 0.993 1.07 0.466 1.09 0.157
Order o__Bacillales 1.09% 0.24% 0.29% 1.36% 0.75 0.756 1.03 0.990 1.70 0.993 1.92 0.082 1.05 0.961
Order o__Flavobacteriales 0.52% 0.06% 0.05% 1.15% 0.43 0.247 0.53 0.324 1.53 0.993 5.90 0.023 491 0.012
Order o__Sphingomonadales 0.38% 0.02% 0.01% 0.92% 0.87 0.934 0.87 0.947 2.14 0.993 1.71 0.235 2.32 0.044
Order o__Rhizobiales 0.17% 0.01% 0.02% 0.36% 1.01 0.992 0.17 0.121 1.15 0.993 0.92 0.991 1517 0.018

Family f__Campylobacteraceae 0.26% 0.01% 0.01% 0.17% 0.05 0.064 0.02 0.052 3.00 0.993 2475 0121 5817 0.052
Family f__Peptostreptococcaceae 0.27% 0.04% 0.04% 0.41% 0.12 0.064 0.18 0.190 1.14 0.993 9.50 0.148 832 0.081



Family
Family
Family
Family
Family
Family
Family
Family
Family
Family
Family
Family
Family
Family
Family
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus
Genus

f__Carnobacteriaceae
f__Micrococcaceae
f__Veillonellaceae
f__Fusobacteriaceae
f__Porphyromonadaceae
f__Streptococcaceae
f__Prevotellaceae
f__Neisseriaceae
f__Flavobacteriaceae
f__Burkholderiaceae
f__Actinomycetaceae
f__Bacillaceae 1
f__Sphingomonadaceae
f__Pseudomonadaceae
f__Comamonadaceae
8__Peptostreptococcus
g__Campylobacter
g__Actinomyces
g__Granulicatella
£__Rothia
g__Veillonella
g__Fusobacterium
g__Porphyromonas
g__Streptococcus
g__Neisseria
g__Ralstonia
g__Bacillus
g__Prevotella
g__Acinetobacter
g__Capnocytophaga
g__Sphingomonas
g__Pseudomonas

0.59%
1.34%
1.30%
1.86%
2.23%
3.42%
6.47%
5.41%
0.52%
0.16%
0.22%
0.03%
0.37%
0.18%
0.17%
0.15%
0.24%
0.20%
0.55%
0.71%
0.60%
1.86%
1.43%
3.30%
5.16%
0.03%
0.01%
3.68%
0.24%
0.17%
0.21%
0.15%
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0.06%
0.12%
0.35%
0.18%
0.37%
0.56%
0.98%
0.58%
0.06%
0.00%
0.03%
0.00%
0.02%
0.01%
0.02%
0.02%
0.01%
0.03%
0.06%
0.09%
0.23%
0.18%
0.15%
0.56%
0.52%
0.00%
0.00%
0.54%
0.02%
0.03%
0.01%
0.01%

0.10%
0.16%
0.39%
0.26%
0.49%
0.97%
0.91%
0.62%
0.05%
0.00%
0.05%
0.01%
0.01%
0.01%
0.01%
0.01%
0.01%
0.05%
0.10%
0.14%
0.26%
0.26%
0.18%
0.95%
0.55%
0.00%
0.00%
0.53%
0.01%
0.03%
0.01%
0.01%

0.45%
0.59%
1.82%
1.35%
1.15%
2.23%
5.36%
5.09%
1.15%
0.75%
0.45%
0.19%
0.92%
0.35%
0.13%
0.20%
0.14%
0.34%
0.37%
0.56%
1.27%
1.35%
0.80%
2.23%
5.00%
0.58%
0.18%
3.33%
0.48%
0.30%
0.78%
0.31%

0.22
0.49
0.49
0.61
0.67
0.76
0.89
0.90
0.43
0.27
0.11
0.12
0.87
0.21
0.20
0.03
0.04
0.05
0.19
0.40
0.47
0.61
0.61
0.76
0.90
0.33
0.03
0.86
1.04
0.21
0.79
0.20

0.064
0.064
0.064
0.064
0.064
0.064
0.090
0.088
0.256
0.256
0.172
0.349
0.934
0.190
0.347
0.064
0.068
0.079
0.064
0.064
0.088
0.064
0.079
0.064
0.112
0.391
0.322
0.258
0.934
0.185
0.934
0.202

0.42
0.54
0.57
0.62
0.86
0.92
0.85
0.85
0.53
1.05
0.10
0.04
0.82
0.23
0.12
0.14
0.01
0.10
0.42
0.46
0.57
0.62
0.53
0.92
0.84
1.08
0.05
0.74
0.61
0.30
0.52
0.15

0.209
0.052
0.102
0.052
0.512
0.399
0.052
0.052
0.333
0.963
0.121
0.209
0.923
0.209
0.131
0.306
0.052
0.131
0.230
0.052
0.209
0.052
0.073
0.432
0.052
0.963
0.228
0.052
0.545
0.218
0.599
0.158

1.73
0.88
1.23
0.95
0.76
1.05
1.03
0.91
1.53
3.31
2.01
1.57
2.24
1.03
0.56
1.22
3.18
1.62
1.65
0.87
1.38
0.95
0.79
1.05
0.91
9.33
1.36
1.07
1.10
0.81
3.01
0.99

0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.993
0.731
0.993
0.993
0.993
0.993
0.993
0.994

4.33
2.36
2.44
1.56
1.15
1.31
1.12
1.07
591
11.69
21.23
365.03
1.73
5.06
3.99
71.25
31.84
94.37
4.09
2.62
2.77
1.55
1.28
1.30
1.07
10.52
>999.99
1.18
1.03
7.22
2.34
4.78

0.114
0.058
0.075
0.187
0.991
0.070
0.289
0.759
0.023
0.016
0.053
0.047
0.235
0.212
0.466
0.077
0.130
0.029
0.146
0.072
0.089
0.194
0.914
0.071
0.829
0.027
0.047
0.332
0.991
0.180
0.146
0.280

2.32
1.87
2.07
1.57
1.04
1.08
1.47
1.19
4.92
0.99
29.01
969.51
2.62
9.65
10.05
12.12
82.31
25.16
212
2.06
2.24
1.56
1.82
1.08
1.20
1.05
595.67
1.38
3.30
5.80
7.25
16.32

0.137
0.052
0.036
0.090
0.990
0.378
0.046
0.081
0.012
0.990
0.005
0.025
0.024
0.074
0.074
0.108
0.052
0.015
0.210
0.046
0.046
0.095
0.165
0.386
0.081
0.990
0.046
0.025
0.046
0.088
0.001
0.058

aCandidate taxa were preliminarily selected with q < 0.10 after multiple-testing FDR correction and the altered taxa at least in two lesion groups comparison

with relative abundance median > 0.1% were listed. °Relative abundance median of taxa. ‘Unconditional logistic regression adjusted for age, sex, smoking, and
alcohol consumption status and q values were used after adjustment for multiple comparison by FDR. CAG, chronic atrophic gastritis; DYS, dysplasia; GC, gastric
cancer; H.pylori, Helicobacter pylori; IM, intestinal metaplasia; OR, odds ratio; SG, superficial gastritis.



Supplementary Table 3. The distributions of 17 non-Helicobacter genera in H.pylori negative subjects with various gastric lesions
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e ”°ggf'/ CAG®  IM? Egg/ CAG v.s. normal/SG  IM v.s. normal/SG ?12%1 2%2 DYS/GCv.s. CAG  DYS/GC v.s. IM

n=9 n=4 n=4 n=10 OR® p value® OR® pvalue® OR® pvalue® ORP p value® ORP p value®
g_ Acinetobacter 0.60% 1.22% 0.67% 0.61% 0.64 0495 085 0891 047 0332 032 0339 153 0.787
g Actinomyces 0.36% 0.35% 0.72% 0.82% 0.08 0.458 >999.99 0.288 2186 0.281 >999.99 0566  10.18 0.185
g Bacillus 0.01% 0.00% 0.05% 0.23% 22.03 0.809 057 0796 411 0.431 >999.99 0239 >999.99 0.270
g__Campylobacter 0.45% 0.35% 0.50% 0.42% <0001 0439 038 0670 260 0502 2215 0280 686  0.323
g_Capnocytophaga  0.23% 0.23% 1.10% 0.74% 051 0741 17750 0185 1.30 0.870 2357 0.204 <0.001 0.273
g__Fusobacterium 245% 216% 4.04% 2.05% 065 0526 098 0942 113 0578 297 0176 001  0.274
g_ Granulicatella 147% 0.36% 0.69% 0.84% 009 0361 041 0282 278 0186 1366 0292 807  0.294
g_ Neisseria 9.02% 5.47% 6.89% 6.10% 095 0585 099 0921 090 0190 098 0859 070  0.622
g_ Peptostreptococcus  0.29% 0.24% 0.49% 0.53% 001 0279 >999.99 0249 5850 0122 12527 0264 112  0.940
g Porphyromonas  2.42% 3.143% 2.47% 1.43% 6.02 0211 088 0710 083 0642 094 0928 054  0.651
g Prevotella 4.99% 8.41% 5.99% 6.74% >999.99 0528  1.05 0892 130 0276 112 0726  1.30  0.444
g Pseudomonas 0.41% 0.79% 0.41% 028% 0.67 0562 153 0.637 033 0408 <0.001 0246 <0.001 0.504
g_ Ralstonia 0.62% 0.98% 0.78% 095% 4.86 0453 146 0252 596 0164 149 0879 059  0.455
g_ Rothia 1.32% 0.73% 1.91% 1.93% 419 0514 228 0449 094 0896 414 0218 085  0.829
__Sphingomonas 0.78% 0.76% 0.77% 1.02% 057 0599  0.40 0.642 134 0728 009 0186 11.63 0.259
g_ Streptococcus 3.68% 5.02% 836% 5.89% 112 0621 103 0874 121 0191 134 0222 076  0.197
g Veillonella 1.73% 1.34% 1.97% 2.03% 339 0431 171 0654 335 0071 17326 0289 468  0.190

2Relative abundance median of non-Helicobacter genera

. ®Unconditional logistic regression adjusted for age, sex, smoking and alcohol consumption status. CAG, chronic atrophic
gastritis; DYS, dysplasia; GC, gastric cancer; H.pylori, Helicobacter pylori; IM, intestinal metaplasia; OR, odds ratio; SG, superficial gastritis.

Supplementary Table 4. The validation of advanced lesion progression associated specific genera in progression and non-progression IM subjects

Progression IM subjects

Non-progression IM subjects

Initial biopsies n = 11 Follow-up biopsies n = 11 p value®

Initial biopsies n =5 Follow-up biopsies n =5 p value®

p value*¢ p valued

g__ Bacillus
g__Capnocytophaga
g__Helicobacter
g__Prevotella

0.03%
0.41%
2.82%
3.27%

0.19%
0.30%
1.30%
4.17%

0.328
0.286
0.328
0.594

0.00%
0.15%
62.57%
0.32%

0.00%
0.03%
80.23%
0.27%

0.893
0.225
0.177
0.225

0.069
0.180
0.145
0.221

0.005
0.005
0.009
0.027

aThe comparison of initial biopsies between progression and non-progression IM subjects. "The comparison of follow-up biopsies between progression and non-progression IM sub-
jects. °The self-comparison of paired initial and follow-up biopsies by Wilcoxon signed-rank test. “Mann-Whitney U test. IM, intestinal metaplasia.
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Supplementary Table 5. Alterations of predicted metabolic pathways among various gastric lesions

normal/ CAG® IM© DYS/ CAG v.s. IM v.s. DYS/GC v.s. DYS/GC v.s. DYS/GC v.s.
SG° GC° normal/SG normal/SG normal/SG CAG IM
n=35 n=52 n=67 n=25 FC!' gvalue® FC! gvaluec FC® qgvalue® FC! gqvaluee FC! qvalue®
Up-regulated in CAG and IM compared to normal/SG®
ko04975; Fat digestion and absorption 9.21E-06 3.40E-05 3.36E-05 6.04E-06 3.70 <0.001 3.65 <0.001 0.66 0.998 0.18  0.002 0.18 <0.001
ko05120; Epithelial cell signaling in Helicobacter pylori infection 1.87E-02 6.88E-02 6.80E-02 1.12E-02 3.69 <0.001 3.64 <0.001 0.60 0.998 0.16  0.002 0.17 <0.001
ko02040; Flagellar assembly 1.26E-02 3.74E-02 3.69E-02 1.21E-02 2.98 <0.001 2.94 <0.001 0.97 0.998 0.32  0.002 0.33 <0.001
ko00592; alpha-Linolenic acid metabolism 3.06E-04 7.15E-04 7.09E-04 2.94E-04 2.34 <0.001 232 <0.001 0.96 0.998 0.41  0.002 0.41 <0.001
ko03015; mRNA surveillance pathway 4.01E-05 9.06E-05 8.97E-05 3.04E-05 2.26 <0.001 224 <0.001 0.76 0.998 0.34  0.002 0.34 <0.001
ko04260; Cardiac muscle contraction 1.79E-04 3.85E-04 3.81E-04 1.64E-04 2.15 <0.001 213 <0.001 0.91 0.998 0.43  0.002 0.43 <0.001
ko05014; Amyotrophic lateral sclerosis (ALS) 3.09E-04 6.24E-04 6.21E-04 3.36E-04 2.02 <0.001 2.01 <0.001 1.09 0.998 0.54  0.002 0.54 <0.001
ko05012; Parkinsons disease 2.25E-04 4.50E-04 4.46E-04 2.14E-04 2.00 <0.001 198 <0.001 0.95 0.998 0.48 0.002 0.48 <0.001
ko05134; Legionellosis 3.82E-03 7.51E-03 T7.44E-03 3.40E-03 1.97 <0.001 195 <0.001 0.89 0.998 0.45  0.002 0.46 <0.001
ko00633; Nitrotoluene degradation 2.03E-03 3.92E-03 3.89E-03 1.92E-03 1.93 <0.001 1.92 <0.001 0.95 0.998 0.49  0.002 0.49 <0.001
Down-regulated in CAG or IM compared to normal/SG?
ko04622; RIG-I-like receptor signaling pathway 7.74E-05 1.78E-06 3.27E-06 7.99E-05 0.02 <0.001 0.04 <0.001 1.03 0.998 4482  0.002 24.48 <0.001
ko00364; Fluorobenzoate degradation 2.05E-04 4.97E-06 6.56E-06 2.66E-04 0.02 <0.001 0.03 <0.001 130 0.998 5347 0.005 40.52 <0.001
ko04011; MAPK signaling pathway - yeast 2.94E-04 7.29E-06 1.20E-05 3.48E-04 0.02 <0.001 0.04 <0.001 118 0.998 4769 0.002 28.91 <0.001
ko05203; Viral carcinogenesis 1.80E-04 4.61E-06 8.37E-06 2.30E-04 0.03 <0.001 0.05 <0.001 1.28 0.998 49.93 0.002 27.48 <0.001
ko04930; Type Il diabetes mellitus 1.67E-04 4.45E-06 7.89E-06 2.09E-04 0.03 <0.001 0.05 <0.001 1.25 0.998 47.04 0.002 26.50 <0.001
ko05131; Shigellosis 1.77E-04 4.89E-06 5.71E-06 1.68E-04 0.03 <0.001 0.03 <0.001 0.95 0.998 3439 0.010 29.46 0.002
ko03022; Basal transcription factors 8.55E-05 2.42E-06 3.81E-06 9.61E-05 0.03 <0.001 0.04 <0.001 1.12 0.998 39.79 0.002 25.20 <0.001
ko05020; Prion diseases 3.11E-05 8.92E-07 1.16E-06 3.96E-05 0.03 <0.001 0.04 <0.001 127 0.998 44.37 0.003 33.99 <0.001
ko05110; Vibrio cholerae infection 1.78E-04 5.20E-06 6.58E-06 1.83E-04 0.03 <0.001 0.04 <0.001 1.03 0.998 35.23 0.012 27.82 0.001
ko00785; Lipoic acid metabolism 1.33E-03 3.92E-05 5.99E-05 1.41E-03 0.03 <0.001 0.05 <0.001 1.06 0.998 35.93 0.002 23.53 <0.001
Up-regulated in DYS/GC compared to IM®
ko04080; Neuroactive ligand-receptor interaction 5.36E-07 1.36E-08 1.85E-08 9.99E-07 0.03 0.749 0.03 0.022 1.86 0.998 73.32 0.228 53.89 <0.001
ko05210; Colorectal cancer 2.89E-06 8.24E-08 7.14E-08 3.69E-06 0.03 0.151 0.02 0.018 1.28 0.998 4480 0.018 51.70 <0.001
ko054186; Viral myocarditis 2.89E-06 8.24E-08 7.14E-08 3.69E-06 0.03 0.151 0.02 0.018 1.28 0.998 4480 0.018 51.70 <0.001
ko01057; Biosynthesis of type Il polyketide products 9.14E-05 2.07E-06 2.44E-06 1.21E-04 0.02 0.001 0.03 <0.001 1.33 0.998 5864 0.004 49.77 <0.001
ko00909; Sesquiterpenoid and triterpenoid biosynthesis 1.40E-04 3.13E-06 3.21E-06 1.54E-04 0.02 0.002 0.02 <0.001 110 0.998 49.37 0.010 48.10 <0.001
ko00100; Steroid biosynthesis 2.91E-05 6.51E-07 7.55E-07 3.58E-05 0.02 0.014 0.03 0.002 123 0998 55.08 0.023 4749 <0.001
ko04916; Melanogenesis 3.18E-06 7.27E-08 8.51E-08 4.04E-06 0.02 0.005 0.03 0.001 1.27 0.998 5557 0.020 4747 <0.001
ko00902; Monoterpenoid biosynthesis 1.08E-05 2.20E-07 2.80E-07 1.33E-05 0.02 0.064 0.03 0.009 123 0.998 60.39 0.019 4745 <0.001
ko00232; Caffeine metabolism 4.08E-05 1.04E-06 1.30E-06 5.93E-05 0.03 0.005 0.03 0.002 145 0.998 56.81 0.010 45.43 <0.001
ko00522; Biosynthesis of 12-, 14- and 16-membered macrolides 1.86E-04 4.39E-06 5.37E-06 2.42E-04 0.02 0.001 0.03 <0.001 1.30 0.998 55.19 0.005 45.08 <0.001
Down-regulated in DYS/GC compared to IM®
ko05120; Epithelial cell signaling in Helicobacter pylori infection 1.87E-02 6.88E-02 6.80E-02 1.12E-02 3.69 <0.001 3.64 <0.001 0.60 0.998 0.16  0.002 0.17 <0.001
ko04975; Fat digestion and absorption 9.21E-06 3.40E-05 3.36E-05 6.04E-06 3.70 <0.001 3.65 <0.001 0.66 0.998 0.18  0.002 0.18 <0.001
ko02040; Flagellar assembly 1.26E-02 3.74E-02 3.69E-02 1.21E-02 2.98 <0.001 2.94 <0.001 0.97 0.998 0.32  0.002 0.33 <0.001
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ko03015; mRNA surveillance pathway 4.01E-05 9.06E-05 8.97E-05 3.04E-05 2.26 <0.001 224 <0.001 0.76 0.998 0.34  0.002 0.34 <0.001
ko00592; alpha-Linolenic acid metabolism 3.06E-04 7.15E-04 7.09E-04 2.94E-04 2.34 <0.001 232 <0.001 0.96 0.998 0.41  0.002 0.41 <0.001
ko04260; Cardiac muscle contraction 1.79E-04 3.85E-04 3.81E-04 1.64E-04 2.15 <0.001 213 <0.001 0.91 0.998 0.43  0.002 0.43 <0.001
ko05134; Legionellosis 3.82E-03 7.51E-03 7.44E-03 3.40E-03 1.97 <0.001 195 <0.001 0.89 0.998 0.45  0.002 0.46 <0.001
ko05012; Parkinsons disease 2.25E-04 4.50E-04 4.46E-04 2.14E-04 2.00 <0.001 198 <0.001 0.95 0.998 0.48  0.002 0.48 <0.001
ko00633; Nitrotoluene degradation 2.03E-03 3.92E-03 3.89E-03 1.92E-03 1.93 <0.001 1.92 <0.001 0.95 0.998 0.49  0.002 0.49 <0.001
ko04612; Antigen processing and presentation 2.14E-04 3.43E-04 3.41E-04 1.75E-04 1.60 <0.001 159 <0.001 0.82 0.998 0.51  0.002 0.51 <0.001

2The top 10 significantly up-regulated and down-regulated microbial metabolic pathways both in CAG and IM compared to normal/SG group (both g < 0.001) were listed. °The top 10 significantly up-regulated and down-regulated microbial
metabolic pathways in DYS/GC compared to IM group (g < 0.001) were listed. °Relative frequency median of predicted microbiota functional capacity. “The fold change (FC) was calculated as the ratio of relative frequency median in advanced
lesion to the relative frequency median of corresponding mild lesion. “Unconditional logistic regression adjusted for age, sex, smoking and alcohol consumption status and g values were used after adjustment for multiple comparison by FDR.
CAG, chronic atrophic gastritis; DYS, dysplasia; FC, fold change; GC, gastric cancer; IM, intestinal metaplasia; SG, superficial gastritis.

Supplementary Table 6. The most significant up-regulated metabolic pathways after lesion progression from IM to DYS/GC

. o Comparison
Comparison of initial P
Lo of follow-up
biopsies biopsies between
Progression subjects from IM to DYS/GC Non-progression IM subjects between progression )
. progression and
and non-progression ;
) non-progression
subjects )
subjects
Initial Follow-up Initial Follow-up
biopsies  biopsies FC* pvalue® biopsies biopsies FC® pvalue® FCP p value® FC®  pvalue®
n=11 n=11 n=5 n=>5
ko04974; Protein digestion and absorption 1.28E-03 1.41E-03 1.10 0.248 5.97E-04 2.19E-05 0.04 0.063 214 0.234 64.22 0.006
ko00785; Lipoic acid metabolism 1.32E-03  1.54E-03 1.16 0.248 3.85E-04 3.58E-05 0.09 0.063 3.44 0.234 43.03 0.006
ko01057; Biosynthesis of type Il polyketide products 1.04E-04  1.44E-04 1.39 0.248 1.91E-05 3.45E-06 0.18 0.063 5.43 0.126 41.75 0.006
ko00522; Biosynthesis of 12-, 14- and 16-membered macrolides 1.85E-04  2.61E-04 1.41 0.248 2.68E-05 6.47E-06 0.24 0.313 6.89 0.079 40.26 0.006
ko00100; Steroid biosynthesis 3.85E-05 5.10E-05 1.32 0.310 5.32E-06 1.29E-06 0.24 0.313 7.25 0.126 39.57 0.006
ko00909; Sesquiterpenoid and triterpenoid biosynthesis 1.49E-04  1.86E-04 1.25 0.304 1.99E-05 4.78E-06 0.24 0.438 7.46 0.100 38.87 0.006
ko04726; Serotonergic synapse 1.35E-05 1.62E-05 1.19 0.248 2.09E-06 4.50E-07 0.22 0.063 6.47 0.100 35.92 0.006
ko00984; Steroid degradation 3.85E-04  4.70E-04 1.22 0.248 9.14E-05 1.60E-05 0.18 0.063 4.21 0.126 29.40 0.006
ko04920; Adipocytokine signaling pathway 6.12E-04  6.90E-04 1.13 0.248 1.30E-04 3.19E-05 0.24 0.063 4.70 0.126 21.64 0.006
ko003320; PPAR signaling pathway 1.16E-03  1.30E-03 1.12 0.248 2.71E-04 9.28E-05 0.34 0.063 4.28 0.157 14.01 0.006
ko00351; DDT degradation 7.39E-05  8.84E-05 1.20 0.403 2.14E-05 1.38E-05 0.64 0.313 3.46 0.100 6.41 0.006

2The fold change (FC) was calculated as the ratio of the relative frequency median in follow-up biopsies to that in initial biopsies. "The fold change (FC) was calculated as the ratio of the relative frequency median in progression subjects to that
in non-progression subjects. *Wilcoxon signed-rank test. “Mann-Whitney U test. DYS, dysplasia; FC, fold change; GC, gastric cancer; IM, intestinal metaplasia.
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Supplementary Table 7. Significant changes in predicted nitrite related orthologs using KEGG among various gastric lesions

normal/ CAG® IM? DYS/ CAG v.s. IM v.s. DYS/GCv.s. DYS/GCv.s. DYS/GC v.s.
SG? GC? normal/SG  normal/SG normal/SG CAG IM
n=35 n=52 n=67 n=25 fc I fr 9 per Y » 4 o 4

value® value® value® value® value®
KO4747; nitric oxide reductase NorF protein 4.51E-07 9.05E-09 7.45E-09 7.65E-07 0.02 0.298 0.02 0.013 1.70 0.950 84.50 0.047 102.64 <0.001
K02305; nitric oxide reductase subunit C 9.35E-06 2.02E-07 2.14E-07 1.47E-05 0.02 0.012 0.02 0.003 1.57 0.950 72.73 0.005 68.70 <0.001
K15864; nitrite reductase (NO-forming)/hydroxylamine reductase 2.72E-05 5.65E-07 6.12E-07 3.65E-05 0.02 0.001 0.02 0.006 1.34 0.950 64.69 0.003 59.67 <0.001
K02164; nitric oxide reductase NorE protein 9.82E-06 2.17E-07 2.36E-07 1.34E-05 0.02 0.013 0.02 0.001 1.36 0.950 61.64 0.012 56.54 <0.001
K01721; nitrile hydratase 1.28E-05 3.08E-07 3.19E-07 1.69E-05 0.02 0.030 0.02 0.001 1.33 0.950 54.95 0.029 53.18 <0.001
K00372; nitrate reductase catalytic subunit 1.18E-04 2.91E-06 3.52E-06 1.72E-04 0.02 0.004 0.03 0.006 1.46 0.955 59.08 0.006 48.84 <0.001
K02448; nitric oxide reductase NorD protein 2.92E-05 6.57E-07 6.82E-07 3.33E-05 0.02 0.031 0.02 0.003 1.14 0.950 50.64 0.014 48.77 <0.001
K00368; nitrite reductase (NO-forming) 9.26E-05 2.43E-06 2.66E-06 1.22E-04 0.03 0.001 0.03 0.001 1.32 0.985 50.27 0.006 45.80 <0.001
K04748; nitric oxide reductase NorQ protein 3.25E-05 7.80E-07 1.09E-06 4.78E-05 0.02 0.003 0.03 0.003 1.47 0.950 61.22 0.006 43.81 <0.001
K02571,; periplasmic nitrate reductase NapE 1.31E-06 3.49E-08 3.80E-08 1.61E-06 0.03 0.013 0.03 0.003 1.23 0.950 46.12 0.012 42.29 <0.001
K00363; nitrite reductase (NAD(P)H) small subunit 2.54E-05 6.81E-07 9.05E-07 3.65E-05 0.03 0.002 0.04 0.002 1.44 0973 53.60 0.006 40.33 <0.001
K05916; nitric oxide dioxygenase 9.58E-05 2.50E-06 3.20E-06 1.22E-04 0.03 0.001 0.03 0.001 1.27 0.999 4887 0.004 38.15 <0.001
K00362; nitrite reductase (NAD(P)H) large subunit 2.38E-04 6.49E-06 9.01E-06 3.43E-04 0.03 0.001 0.04 0.002 1.44 0.968 52.82 0.005 38.09 <0.001
K13771; Rrf2 family transcriptional regulator, nitric oxide-sensitive transcriptional repressor 4.87E-05 1.24E-06 1.45E-06 5.50E-05 0.03 0.001 0.03 0.001 1.13 0.950 44.43 0.009 3795 <0.001
K07684; two-component system, NarL family, nitrate/nitrite response regulator NarL 7.11E-05 1.75E-06 2.15E-06 8.04E-05 0.02 0.001 0.03 0.001 1.13 0.950 45.97 0.007 37.33 <0.001
K02575; MFS transporter, NNP family, nitrate/nitrite transporter 2.42E-04 5.97E-06 9.64E-06 3.36E-04 0.02 0.001 0.04 0.001 1.39 0.972 56.38 0.004 34.89 <0.001
K12266; anaerobic nitric oxide reductase transcription regulator 6.05E-05 1.96E-06 2.18E-06 7.20E-05 0.03 0.001 0.04 0.001 1.19 0.985 36.82 0.006 33.10 <0.001
K04561; nitric oxide reductase subunit B 2.93E-04 7.28E-06 8.85E-06 2.90E-04 0.02 <0.001 0.03 0.001 0.99 0.980 39.86 0.003 32.79 <0.001
K00373; nitrate reductase 1, delta subunit 5.22E-05 1.32E-06 2.24E-06 6.56E-05 0.03 <0.001 0.04 0.001 1.26 0.959 49.48 0.003 29.27 <0.001
K00371; nitrate reductase 1, beta subunit 1.73E-04 4.80E-06 6.90E-06 1.89E-04 0.03 <0.001 0.04 0.001 1.09 0.950 39.41 0.003 2741 <0.001
K00374; nitrate reductase 1, gamma subunit 7.22E-05 1.99E-06 2.99E-06 8.16E-05 0.03 <0.001 0.04 0.001 1.13 0.950 41.02 0.003 2730 <0.001
KO00370; nitrate reductase 1, alpha subunit 4.25E-04 1.29E-05 1.78E-05 4.66E-04 0.03 <0.001 0.04 0.001 1.10 0.950 36.16 0.003 26.13 <0.001
K00366; ferredoxin-nitrite reductase 2.50E-05 1.12E-06 1.28E-06 3.23E-05 0.04 0.001 0.05 0.001 1.29 0.950 28.78 0.003 25.21 <0.001
K12264; anaerobic nitric oxide reductase flavorubredoxin 4.89E-05 1.83E-06 3.05E-06 3.65E-05 0.04 <0.001 0.06 0.001 0.75 0.950 19.99 0.003 11.96 <0.001

2Relative frequency median of predicted nitrite related orthologs. °The fold change (FC) was calculated as the ratio of the relative frequency medians in different gastric lesions. ®Unconditional logistic regression adjusted for age, sex, smoking and alcohol

consumption status and g values were used after adjustment for multiple comparison by FDR. CAG, chronic atrophic gastritis; DYS, dysplasia; FC, fold change; GC, gastric cancer; IM, intestinal metaplasia; SG, superficial gastritis.
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Supplementary Table 8. The predicted nitrite related orthologs using KEGG associated with gastric lesion progression to DYS/GC from IM

Comparison of Comparison
initial biopsies of follow-up
Progression subjects from IM to between biopsies between

Non-progression IM subjects

DYS/GC progression and  progression and
non-progression  non-progression
subjects subjects
Initial ~ Follow-up Initial  Follow-up
biopsies biopsies FC? p biopsies biopsies FC? p FC*  pvalue? FC®  pvalue?
n=11 n=11 valle® hos  n=s valuer
K00368; nitrite reductase (NO-forming) 1.10E-04 1.42E-04 130 0.365 2.88E-05 3.33E-06 0.12 0.625 3.81 0.079 42.62 0.006
K059186; nitric oxide dioxygenase 8.43E-05 1.25E-04 1.49 0.010 1.46E-05 3.08E-06 0.21 0.313 5.78 0.336 40.74 0.020
K07684; two-component system, NarL family, nitrate/nitrite response regulator NarL 6.11E-05 8.57E-05 1.40 0.083 9.20E-06 2.14E-06 0.23 0.625 6.64 0.126 40.03 0.008
K00363; nitrite reductase (NAD(P)H) small subunit 3.23E-05 4.29E-05 1.33 0.320 4.77E-06 1.14E-06 0.24 0.313 6.77 0.126 37.67 0.008
K13771; Rrf2 family transcriptional regulator, nitric oxide-sensitive transcriptional repressor 4.25E-05 5.68E-05 1.34 0.240 5.81E-06 1.51E-06 0.26 0.625 7.31 0.126 37.65 0.008
K02575; MFS transporter, NNP family, nitrate/nitrite transporter 2.96E-04 3.49E-04 1.18 0.465 4.06E-05 9.54E-06 0.23 0.625 7.29 0.126 36.56 0.015
K00362; nitrite reductase (NAD(P)H) large subunit 2.92E-04 3.80E-04 1.30 0.320 4.21E-05 1.07E-05 0.26 0.438 6.93 0.126 35.38 0.008
K12266; anaerobic nitric oxide reductase transcription regulator 6.79E-05 7.93E-05 1.17 0.413 1.61E-05 2.27E-06 0.14 0.313 4.21 0.157 35.02 0.006
K04748; nitric oxide reductase NorQ protein 4.98E-05 5.47E-05 1.10 >0.999 6.52E-06 1.59E-06 0.24 0.125 7.63 0.126 34.47 0.008
K02164; nitric oxide reductase NorE protein 1.44E-05 1.46E-05 1.02 0.831 2.38E-06 4.73E-07 0.20 0.125 6.05 0.126 30.96 0.006
K15864; nitrite reductase (NO-forming)/hydroxylamine reductase 3.59E-05 4.21E-05 1.17 >0.999 7.13E-06 1.38E-06 0.19 0.313 5.03 0.193 30.52 0.006
K00372; nitrate reductase catalytic subunit 1.92E-04 1.99E-04 1.04 >0.999 2.70E-05 6.88E-06 0.25 0.313 711 0.126 28.94 0.008

aThe fold change (FC) was calculated as the ratio of the relative frequency median in follow-up biopsies to that in initial biopsies. “The fold change (FC) was calculated as the ratio of the relative frequency median in progression subjects to that in non-
progression subjects. “Wilcoxon signed-rank test. “Mann-Whitney U test. DYS, dysplasia; FC, fold change; GC, gastric cancer; IM, intestinal metaplasia.



