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Abstract
Gastric cancer (GC) is one of the most common malignancies globally, the
occurrence of which undergoes a multistage chronic evolutionary process. It
is a great public health issue to deeply understand the mechanisms of GC
development and factors affecting the evolution of gastric lesions.
Helicobacter pylori infection has been identified as one of the main factors
for gastric carcinogenesis and microbial dysbiosis. With the advances in
molecular biology techniques, other gastric microbes besides H. pylori have
been observed to play an essential role in the development of GC. Previous
animal model studies suggested that specific and critical microbes in the
stomach can accelerate the malignant transformation of gastric mucosa and
the progression of gastric lesions to GC. Recently, the composition of
human gastric microbiota has been investigated from stages of pre-
cancerous lesions to GC, including characteristics of gastric microbiota
diversity, lesion‐associated differential microbes, predicted microbiota‐
related functions, microbiota interactions, and microbial mechanisms in
gastric carcinogenesis. In this review, we provide an overview of the gastric
microbiota, summarize current studies exploring the roles of microbiota in
gastric carcinogenesis, and illustrate the significance and prospects of
integrative multiomics analysis combined with the microbiome in gastric
carcinogenesis.
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INTRODUCTION

The human gastrointestinal (GI) tract is inhabited by a
large number of microorganisms, including bacteria,
archaea, fungi, viruses, and protists [1]. In recent years,
numerous studies have suggested that GI microbiota
may play a vital role in physiological development,
immune regulation, substance metabolism, nutrient
absorption, toxin excretion, and carcinogenesis pro-
cess, especially in GI cancer development [2, 3].

Gastric cancer (GC) is the fifth most common
malignancy and the fourth most common cause of
cancer death globally [4]. The occurrence of GC

undergoes a multistage evolution by combinative
influences of environmental and genetic factors [5].
Generally, the multistage evolutionary process includes
superficial gastritis (SG), chronic atrophic gastritis
(CAG), intestinal metaplasia (IM), dysplasia (DYS),
and GC [6]. In this carcinogenesis process, Helico-
bacter pylori infection has been well identified as one of
the most important risk factors with detailed pathogenic
mechanisms [7, 8]. In addition to H. pylori, many recent
population‐based studies and animal experiments
further suggested that the complex gastric commensal
microbiota may also show some essential roles and be
involved in the promotion of gastric precancerous
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lesions and GC development [2, 9–11]. In this review,
we summarize the gastric microbiota profile and
discuss the relationships of microbiota with GC and
precancerous lesions, as well as the possible molecu-
lar mechanisms. Furthermore, the latest integrative
multiomics analyses depending on gastric microbiota
are prospected to discuss challenges and future
directions of the studies on gastric microbiota and
carcinogenesis.

OVERVIEW OF THE GASTRIC
MICROBIOTA

At the end of the 19th century, Louis Pasteur and
Robert Koch proposed the germ theory of disease [12]
and linked the illness to bacteria. However, the
stomach has been thought to be a germ‐free organ
for a long time due to peristalsis and the acidic
environment [13]. In the early 1980s, Marshall and
Warren successfully isolated a specific bacterium,
named H. pylori later, breaking the traditional knowl-
edge [14]. With the application of next‐generation
sequencing and metagenomics in microbiology, the
diversity and complexity of the microbial community in
the stomach are gradually recognized. Hundreds of
phylogenetic bacterial communities have been found in
the stomach [15, 16]. However, compared to the
colonic microbiota which is 1010–1012 CFU/mL under
physiological conditions and localized in thicker inner
and outer mucus layers, the microbial load of the
gastric environment is much lower as 101–103 CFU/mL
due to the lower pH value (median pH 1.4) [17–20].

Composition of the gastric microbiota

Microbes can be detected both in gastric mucosa and
gastric juice. The mucus secreted by gastric glands
covers the mucosal surface, which makes the pH value
to increase gradually from the gastric lumen (pH 1−2)
to the gastric mucosa surface layer (pH 6−7) and a
suitable environment for microorganism colonization in
the gastric mucosa [21, 22]. On the other hand, the
infection and colonization of specific microbes in
mucosa may further affect the gastric acid secretion
and the pH value in gastric juice.

Studies have identified more than 800 different phyla
colonizing in the gastric mucosa, including Proteobacter-
ia, Firmicutes, Bacteroidetes, Actinobacteria, and Fuso-
bacteria, and the most prevalent genera in the stomach
microbiome are Prevotella, Streptococcus, Veillonella,
Rothia, Fusobacteria, andNeisseria [9, 23, 24]. Abundant
microbial communities have also been found in gastric
juice, dominated by Firmicutes, Bacteroidetes, and
Actinobacteria at the phylum level [23]. A study
compared paired gastric mucosa and juice samples from

various gastric lesions and GC subjects, and found
common and specific characteristics of microbial dysbio-
sis across stages of gastric carcinogenesis. The microbial
compositions of gastric mucosa and juice are different
significantly in mild gastric lesions (such as gastritis or
metaplasia), while tend to be similar in GC [25]. The
common microbial biomarkers in gastric mucosa and
juice, such as Lactobacillus, Veillonella, and Gemella,
may help to discriminate GC [25]. However, the associa-
tions between microbiota compositions in gastric mucosa
and juice and possible microbial mechanisms still need
further validation.

Factors that affect the homeostasis of
gastric microbiota

The composition and variety of gastric microbiota can
be influenced by multiple factors, including infection
status, inflammation, medicine intervention, probiotics,
nutrients, diet, age, and so on.

Infection status and drug use

H. pylori is the most prevalent infectious factors arising
the potential dysbiosis of gastric microbiota. H. pylori
infection can significantly reduce the diversity of gastric
microbiota. The structures of gastric microbiota were
also found significantly different between H. pylori‐
positive and negative individuals [23, 26]. As for the
gastric microbiota of H. pylori‐positive individuals,
Proteobacteria shows as a dominant phylum, in
addition to increased abundances of Spirochetes and
Acidobacteria, while the abundances of Actinobacter-
ia, Bacteroidetes, and Firmicutes decreased [27].

As a crucial pathogenic factor for GC [28], H. pylori
eradication treatment has been proven as an effective
strategy for GC and precancerous lesion prevention
[29–31]. However, antibiotic eradication therapy for
H. pylori may lead to potential problems such as
antibiotic resistance and gastric dysbiosis [32]. Anti-
biotics can significantly alter the structure of the gastric
microbiota. For instance, cefoperazone treatment may
lead to changes in the gastric bacterial community,
including a significant decrease of Lactobacillus spp.
and an over‐representation of Enterococci [33]. One
randomized controlled trial in a high‐risk area of GC [34]
observed that a 10‐day quadruple therapy can increase
gastric microbial diversity and relieve dysbiosis
6 months after treatment. Except for the dramatic
decrease of H. pylori, the relative abundances of other
genera, such as Prevotella, Neisseria, Pseudomonada-
ceae, and Enterobacteriaceae, were found to increase
significantly after short‐ and long‐term follow‐up [34–36].

The application of acid‐suppressive agents can also
affect the gastric microbiota. Acid inhibitors include H2
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receptor antagonists, proton pump inhibitors (PPIs),
and new potassium competitive acid blockers [37, 38].
Acid suppressants treat GI disorders such as gastro-
esophageal reflux, peptic ulcer, GI bleeding, and
functional GI disorders. Some researchers suggest
that long‐term use of PPIs may raise the risk of GI
microbiota dysbiosis [39]. The increased pH in the
stomach of PPI users caused an overgrowth of specific
oral and common commensal bacteria, such as
Streptococcus, which may induce alterations in meta-
bolic pathways and further lead to the development of
gastric lesions and GC [40].

Other factors influencing the gastric
microbiota

Several studies have shown that probiotic intervention
helps to restore the gastric dysbiosis caused by H.
pylori eradication treatment in young adults. In addition,
some probiotics, such as Lactobacillus, were found
to inhibit the colonization of H. pylori in the stomach
[41, 42]. The application of triple therapy along with
Streptococcus faecalis, Bacillus subtilis, and Lactoba-
cillus acidophilus improved the eradication effect of
H. pylori [43]. An intervention trial showed that vitamin
supplementation can increase gastric microbial diver-
sity and compositions in healthy subjects, suggesting
that nutrient supplementation may benefit gastric
microbial homeostasis [44]. Animal model experiments
indicated that a coarse‐grain diet may increase the
abundance of probiotics in the stomach. High‐fat diet in
mice can up‐regulate gastric leptin signaling pathway,
which indicates that diet style may modulate the gastric
microbial community [45, 46]. However, the evidence
from animal experiments still need population
confirmation.

Several studies suggest that age is an essential
factor affecting the gastric microbiota. The alpha
diversity of gastric microbiota is significantly higher in
GC patients over the age of 60 than in younger
patients, and the microbiota profiles differ significantly
in younger and older patients [24, 47]. Besides, other
diseases, especially metabolic diseases, may also
have an exciting impact on the gastric microbiota.
Despite the lack of studies linking gastric microbiota
and metabolic diseases, the gut microbiota has been
recognized as biomarkers for many metabolic dis-
eases, which may provide a reference to explore the
mechanisms by which metabolic diseases affect gastric
microbiota [48, 49].

In summary, advanced molecular technologies
have revealed that gastric microbiota is a complex
micro‐ecosystem. The homeostasis of microbiota is
crucial to maintain the health of gastric mucosa, which
may be affected by infection and other factors to induce
pathological alterations in the stomach.

THE RELATIONSHIP BETWEEN
MICROBIOTA AND GASTRIC
CARCINOGENESIS

In healthy individuals, there is a mutual balance
between the GI microbiota and the host. The biologi-
cal barrier formed by the resident microbiota can
prevent the colonization of exotic pathogens by
competing for ecological niches [50], while this
homeostasis may be disturbed by pathogenic invasion
of the above‐mentioned factors. Accumulative studies
[2, 51] in recent years have focused on the alterations
of gastric microbiota in the multistage process of
gastric carcinogenesis. Some specific characteristics
of gastric microbiota were compared between GC and
control as well as among various precancerous
lesions, including microbial diversity, differential taxa
and their interactions, and changes in predicted
microbiota functional capacities. Potential mecha-
nisms of the gastric lesion‐associated microbes are
also discussed in this section. Table 1 summarizes
representative studies on the differential gastric
microbiota during the evolution process of gastric
lesions to GC.

Diversity of the gastric microbiota

The microbial diversity in GC

Numerous studies have been conducted to investigate
GC‐associated microbiota in different clinical stages,
pathological classification, and anatomical sites. Gas-
tric microbial diversity is usually described by alpha
diversity indexes (including Shannon index, Simpson
index, Chao1 index, and observed OTUs to represent
the richness and evenness of microbial communities)
and microbial community structure in different groups.
Alpha diversity indexes were compared in GC patients
between early and advanced stages, or in proximal
and distal locations [9, 59], while no significant
difference was observed. In addition, similar microbial
structures were found between intestinal‐type and
diffuse‐type GC tissues [9]. Furthermore, gastric
microbiota in GC located in antrum and corpus did
not differ significantly in microbial alpha diversity and
structure [60].

Besides different types of GC, studies also ana-
lyzed the differences of microbial diversity between GC
and paraneoplastic or normal tissues. A Swedish study,
based on a terminal restriction fragment length
polymorphism (T‐RFLP) analysis, compared the micro-
biota in 10 GC and 5 normal gastric mucosal tissues
from dyspepsia patients. In this small‐sample‐size
exploratory research, no significant difference in
microbial composition was found [52]. However, the
subsequent studies showed that the microbial diversity
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TABLE 1 Summary of studies examining gastric microbiota associated with gastric carcinogenesis.

Year Region Sample size Sample type
Sequencing methods
and platform

Key findings on specific
microbes Reference

2009 Sweden GC (5 with intestinal
type and 5 with
diffuse type); FD (5)

Gastric biopsy tissues
of antrum and
corpus

T‐RLFP, 16S rRNA
gene cloning, and
sequencing

The main genera of bacteria in
GC include Streptococcus,
Lactobacillus, Veillonella,
and Prevotella

[52]

2017 China and
Mexico

Cardia GC (80);
Noncardia GC (80)

Gastric tumor tissues
and matched
nonmalignant
tissues distant to the
tumor

16S rRNA gene
sequencing/
Illumina MiSeq
platform

GC: ↓ the phylum of
Proteobacteria in Chinese
samples

GC: ↓ the genera of
Helicobacter in both
Chinese and Mexican
samples

GC: ↑ the phyla of
Bacteriodetes, Firmicutes,
Fusobacteria, and
Spirochaetes in Chinese
samples

[53]

2018 China SG (21), CAG (23), IM
(17) and GC (20)/
another group for
validation: SG (56),
CAG (51) and
GC (19)

Gastric biopsy tissues
from antrum, body,
and fundus for SG,
AG, and IM; gastric
biopsies from sites
of cancer lesions
and adjacent
noncancerous
tissues of GC

16S rRNA gene
sequencing/
Illumina MiSeq
platform

GC: ↑ the phylum of
Fusobacteria; the genera of
Peptostreptococcus,
Dialister, and
Mogibacterium compared
to SG, AG, and IM; the
bacterial taxa include
Peptostreptococcus_
OTU16, Streptococcus
anginosus_OTU68,
Slackia_OTU174,
Gemella_OTU17,
Fusobacterium_OTU33,
Lactobacillus_OTU12, and
so on.

GC: ↓ bacterial taxa include
Vogesella_OTU661,
Candidatus_Portiera_
OTU1596,
Comamonadaceae_
OTU85,
Acinetobacter_OTU369,
and so on.

IM: ↑ bacterial taxa include
Pseudomonas_OTU58 and
Dyella_OTU1056
compared with SG

[54]

2018 Portugal GC (54); chronic
gastritis (84)

Gastric biopsies or
surgical specimens
(nonneoplastic
tissues adjacent to
tumor)

16S rRNA gene
sequencing/Ion
PGM Torrent
platform

GC: ↑ the families of
Xanthomonadaceae and
Enterobacteriaceae and
the genera of
Phyllobacterium,
Achromobacter,
Citrobacter, Lactobacillus,
Clostridium, and
Rhodococcus

Chronic gastritis: ↓ the
genera of Helicobacter,
Neisseria, Prevotella, and
Streptococcus

[24]

2019 China 276 GC Patients Gastric tumoral tissues,
gastric peritumoral
tissues, and gastric
normal tissues

16S rRNA gene
sequencing/
Illumina MiSeq
platform

GC: ↑ the genera of
Streptococcus,
Selenomonas,
Fusobacterium,

[9]

(Continues)
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indexes were significantly higher in GC than in normal
or adjacent nonmalignant tissues [47, 53, 61, 62]. In
contrast, some studies found that the microbial
diversity of GC tissues is significantly lower than in
adjacent normal tissues or healthy controls [60, 63].
The heterogeneity in these studies may be associated
with the complex impacts on gastric microbiota by

H. pylori infection status, race, dietary habits, and
geographic distributions. For example, a study includ-
ing ethnically diverse populations identified higher
observed OTUs and Shannon index in GC than in
nonmalignant tissues in a Chinese population, while no
significant differences were found in a Mexican
population [53].

TABLE 1 (Continued)

Year Region Sample size Sample type
Sequencing methods
and platform

Key findings on specific
microbes Reference

Propionibacterium, and
Corynebacteriums, the
species of Prevotella
melaninogenica,
Streptococcus anginosus,
and Propionibacterium
acnes

GC: ↓ the species of
Helicobacter pylori,
Prevotella copri, and
Bacteroides uniforms

2021 China SG, n = 27; CAG,
n = 24; IM, n = 53;
GIN, n = 44

Gastric biopsies from
the antrum and the
gastric body

16S rRNA gene
sequencing/
Illumina NovaSeq
platform

SG: ↑ the genus of
Bifidobacterium

CAG: ↑ the genus of
Sphingomonas

IM: ↑ the genera of Dorea,
Caulobacter, and
Bacteroides

GIN: ↑ the genera of
Sphingomonas and
Acinetobacter

[55]

2022 China Discovery cohort:
25 GC, 25 chronic
gastritis;

Training Cohort: 141
GC, 121 chronic
gastritis

Gastric tissue biopsies,
GC tumor tissues,
and adjacent
noncancerous
tissues

16S rRNA gene
sequencing/
Illumina MiSeq
platform, qPCR

GC: ↑ the phylum of
Firmicutes, the genus of
Streptococcus, the species
of Streptococcus
anginosus and
Streptococcus constellatus

[56]

2022 Singapore Baseline: early gastric
neoplasia (n = 4);

Superficial gastritis
without IM (n = 17);
focal, mild IM (low
risk, n = 16); or
moderate‐severe,
multifocal IM, (high
risk, n = 6)

Gastric antral mucosal
tissues

16S rRNA gene
sequencing/
Illumina MiSeq
platform

↑ Proteobacteria
↓ Bacteroidetes across the
GC carcinogenesis

Early gastric neoplasia and
low‐risk IM: ↑ the family of
Phyllobacteriaceae, the
genera of Enhydrobacter
and Moryella

Early gastric neoplasia and
low‐risk IM: ↓ the genera
of Bifidobacteria and
Lactobacillus

[57]

2022 America 55 IM patients, 55
normal or SG
patients

Gastric antral mucosal
brushing samples

Shotgun metagenomic
sequencing/
Illumina NovaSeq
platform

GC: ↑ the species of
Johnsonella ignava and
Filifactor alocis

GC: ↓ the species of
Lactobacillus gasseri,
Streptococcus mutans,
Streptococcus
parasanguinis, and
Streptococcus sanguinis

[58]

Abbreviations: CAG, chronic atrophic gastritis; FD, functional dyspepsia; GC, gastric cancer; GIN, gastric intraepithelial neoplasia; IM, intestinal metaplasia; SG,
superficial gastritis; T‐RLFP, terminal restriction fragment length polymorphism.
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The microbial diversity across multistage of
gastric carcinogenesis

Depending on the significant findings of aberrant micro-
bial diversity between GC and normal tissues, efforts
were further exerted to explore the microbiota profiles
across the gastric lesion spectrum from normal mucosa to
GC. Studies compared the microbial diversity among
various stages of gastric lesions and found that alpha
diversity indexes tend to decrease with the progression of
gastric lesions from SG, CAG, IM to GC [54, 60, 64].
Notably, similar decreased Shannon and Chao1 indexes
were also observed throughout different stages of gastric
carcinogenesis in a study with only H. pylori‐negative
subjects [65]. However, some studies also found elevated
alpha diversity indexes in the subjects with mild lesions to
GC, although the differences showed no statistical
significance [66–68].

Relative consistent results were reported between
mild gastric lesions and GC or advanced precancerous
lesions. For example, alpha diversity indexes were
decreased and the microbial structures were signifi-
cantly different in GCs compared with chronic gastritis
patients [24, 65, 68–70]. In addition, some researchers
found that the microbial richness was significantly
reduced in patients with IM and GC in comparison to
SG. Similar microbial compositions can be found
between SG and CAG groups, which showed signifi-
cant differences with GC group [54]. As a crucial
precancerous lesion, the microbiota in gastric intrae-
pithelial neoplasia (GIN) may indicate important evolu-
tion clues for gastric lesions. For example, a study [60]
observed that the composition of the gastric microbiota
in GIN is similar to that of GC patients.

Specific microbes associated with gastric
carcinogenesis

H. pylori

The associations between H. pylori and GC or
precancerous lesions have been well identified. In
the recent gastric microbiota studies, the relative
abundance of Helicobacter was decreased signifi-
cantly, while non‐Helicobacter genera in Proteobac-
teria were relatively overrepresented in GIN and GC
compared to CAG or IM subjects [9, 24, 52, 53, 60]. A
study in ethnically diverse populations found that the
species of H. pylori was the most abundant bacterium
in both cardia and noncardia GCs, followed by the
genera commonly found in oral microbiota [53].
However, when compared to paracancer tissues, the
relative abundance of H. pylori was significantly lower
in GC tissues in both Chinese and Mexican popula-
tions [53]. Interestingly, the higher relative abundance
of H. pylori in paracancer tissues was closely

associated with family history of GC, higher clinical
stages, and lower risk of metastasis [53].

Specific microbes in GC

Many differential phyla and genera have been found to
be significantly enriched or depleted in GC patients
compared to the control tissues. The representative
GC‐associated microbes are summarized as follows:

• Actinobacteria
Actinobacteria was identified as one of the major
phyla both in GC and control tissues, while more
enriched in GC [24]. Several studies have identified
that subjects with a higher relative abundance of
Actinobacteria at the phylum level showed signifi-
cantly increased risk of DYS or GC [34, 66, 71, 72].
In Actinobacteria phylum, genus of Rhodococcus
and species of Propionibacterium acnes were found
more abundant in GC than in gastritis patients [9, 24].

• Bacteroidetes
The phylum of Bacteroidetes showed lower relative
abundance in patients with GC compared to gastritis
[24, 57]. In Bacteroidetes phylum, Prevotella was found
as a significant differential genus between GC and other
gastric lesions [9, 24, 47, 66, 73]. In this genus, species
of Prevotella copri was decreased, and Prevotella
Melaninogenica was overrepresented in GC tissues.
Besides, species of Bacteroides uniformis was reduced
in GC compared to normal tissues [9].

• Firmicutes
The abundance of Firmicutes phylum was reported to
be significantly higher in GC than in chronic gastritis
patients [24]. At the genus level, Peptostreptococcus,
Comamonadaceae, Mogibacterium, and Gemella
were also more represented in GC than in other
gastric lesions or adjacent noncancerous tissues
[47, 54]. The genus of Lactobacillus and family of
Lachnospiraceae showed higher abundance in GC
patients compared to patients with other stages of
gastric lesion [24, 64, 68, 74, 75]. Several studies also
indicated that Clostridium is often colonized in the
gastric mucosa of GC patients [24, 76]. Streptococ-
cus genus and Streptococcus anginosus were
noticed to be increased in GC compared to normal/
SG or peritumoral tissues [9, 24, 47]. In a large‐scale,
multicenter study in China, S. anginosus and Strepto-
coccus constellatus were identified as remarkable
biomarkers overrepresented in gastric tissues of GIN,
early and advanced GC, as well as in the correspond-
ing fecal samples of the same patients [56]. Moreover,
the genus of Veillonella was more abundant in GC
tissues than those of functional dyspepsia [61].

• Fusobacteria
Inconsistent findings were reported about the phylum
of Fusobacteria in GC tissues. For example, a study
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showed that the abundance of Fusobacteria was
lower in GC patients than in gastritis patients [24],
while significant enrichment of Fusobacteria phylum
and Fusobacterium genus was also found in GC
compared to other gastric lesion cases, such as SG,
CAG, and IM [47, 54, 60, 61].

• Proteobacteria
Many taxa belonging to the phylum of Proteobacteria
were found enriched in GC compared to gastritis
tissues, including the families of Enterobacteriaceae
and Xanthomonadaceae, the genera of Phyllobacter-
ium, Achromobacter, and Citrobacter [24, 57]. Fur-
thermore, the screening of differential microbiota
across various gastric lesions also found depleted
genera of Vogesella, Neisseria, and family of Coma-
monadaceaev in GC [24, 54, 64, 69, 72]. A study
used shotgun metagenomic sequencing to identify
differential gastric microbiota by comparing 6 GC and
5 SG patients. A species of Sphingobium yanoikuyae
was depleted in GC patients, which may be capable of
degrading carcinogenic compounds [69]. The ratio of
Proteobacteria/Firmicutes was found to decrease in
GC compared to peritumoral tissues [9].

In addition to the association between specific
differential bacteria and GC, some studies tried to
explore the potential values of microbial biomarkers for
gastric malignant transformation. The research by
Ferreira et al. found that the subjects with the
enrichment of some specific genera in gastric mucosa
may show an increased risk of GC, including Phyllo-
bacterium (odds ratio [OR]: 3.5, 95% confidence
interval [95% CI]: 1.7−7.0), Achromobacter (OR: 20.5,
95%CI: 7.4−59.0), Citrobacter (OR: 9.9, 95% CI:
4.3−23.0), Lactobacillus (OR: 6.3, 95% CI: 2.9−14.0),
Clostridium (OR: 5.7, 95% CI: 2.2−15.0), and Rhodo-
coccus (OR: 4.2, 95% CI: 1.7−11.0) [24]. A study
based on a Korean population identified significant
microbial risk factors as H. pylori (OR: 1.86, 95% CI:
1.17−2.97), P. acnes (OR: 4.77, 95% CI: 2.94−7.74),
and P. copri (OR: 2.54, 95% CI: 1.42−4.55), and a
protective factor as Lactococcus lactis (OR: 0.21, 95%
CI: 0.10−0.44) for GC progression [77]. However, these
results from 16S rRNA gene sequencing still need
further confirmation at the species level.

Depending on the individual differential taxa
screened from GC, researchers attempted to establish
a comprehensive index for evaluating microbial dysbiosis
status in various gastric lesions. A microbial dysbiosis
index (MDI) was built up firstly using the ratio of the total
abundance of genera increased in GC to the total
abundance of genera decreased in GC, which showed
degree of microbiota disturbance in GC tissues [78].
Subsequently, the calculation of MDI was further used
for microbial dysbiosis evaluation before and after
H. pylori eradication and various precancerous lesions
[24, 66, 70].

Until now, most studies about association between
microbiota and gastric lesions are case‐control or cross‐
sectional design, which shows great limitation on causal
or temporal relationship identification. A recent prospec-
tive cohort study found that a panel of genera, including
Helicobacter, Bacillus, Capnocytophaga, and Prevo-
tella, may help to discriminate the high‐risk subjects for
gastric lesion progression, particularly for subjects who
progressed from IM to DYS/GC [66]. A long‐term follow‐
up study with multitemporal sampling in Singapore,
nested within a prospective multicenter longitudinal
cohort, observed that Proteobacteria tended to be
enriched, while Bacteroidetes tended to be depleted
during GC development [57]. Another study found that
microbial dysbiosis was already quite evident at the IM
stage and the abundance of Gemella and Streptococ-
cus gradually increased from mild lesions to IM or GC
[55, 67].

Specific microbiota in various gastric lesions

Besides the specific microbiota in GC, studies also
investigated specific differential microbes in various
precancerous stages to further confirm the roles of
microbiota in the carcinogenesis process.

A study in Colombia [79] found higher abun-
dances of Leptotrichia wadei, Veillonella sp. in CAG
individuals, and Streptococcus spp. in CAG subjects
with IM. A study in a high‐risk area of GC in China
indicated significant increasing of Helicobacter and
decreasing of Alloprevotella, Fusobacterium, Neis-
seria, Porphyromonas, Prevotella, Rothia, and Veil-
lonella in advanced gastric lesion group (CAG/IM/
DYS) compared to the normal/SG group [34]. In
contrast, Bifidobacterium and Klebasiella were en-
riched in SG compared to more severe lesion
subjects in another study [55]. When focusing on IM
or DYS as severe precancerous lesions, Pseudomo-
nas and Dyella were significantly over‐represented in
IM compared with SG subjects [54]. One metage-
nomic sequencing analysis identified that species of
Johnsonella ignava and Filifactor alocis, commonly
regarded as oral species, were positively associated
with IM, and species of Streptococcus mutans,
Streptococcus parasanguinis, and Streptococcus
sanguinis were negatively associated with IM [58].
A prospective observation also demonstrated the
enrichment of the family of Phyllobacteriaceae,
genera of Enhydrobacter and Moryella, and the
depletion of genera of Bifidobacteria and Lactoba-
cillus in early GC. Whereas Actinomyces genus was
increased in high‐risk IM patients with the progres-
sion of gastric lesions [57], genera of Sphingomonas
and Acinetobacter were more abundant in GIN
patients than in mild or moderate gastric lesion
cases [55].
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In addition to gastric precancerous lesions and
cancer, gastric microbiota may also be associated with
nonulcer dyspepsia and gastric ulcers. For example,
Helicobacter, Prevotella, Neisseria, and Streptococ-
cus were more abundant in gastric ulcer patients, while
the gastric microbial community was often character-
ized by Propionibacterium, Lactobacillus, Streptococ-
cus, and Staphylococcus in dyspepsia patients
[61, 80–83].

Differential microbiota‐related function
prediction

Microbiota‐related function prediction in GC

Based on the gastric microbiota sequencing data, the
microbial functional capacities can be predicted in
various gastric lesions by the Kyoto Encyclopedia of
genes and genomes (KEGG). Differential microbial
functional features were identified in GC when com-
pared with normal or peritumoral tissues. For example,
the differential taxa identified in GC patients compared
to normal subjects were enriched in energy metabo-
lism, amino acid metabolism, carbohydrate metabo-
lism, and membrane transport functional modules [53].
In addition, nucleotide transport and metabolism and
inorganic ion transport and metabolism were further
enriched in tumor tissues compared to the peritumor
tissues. A study has identified that the ketone body
synthesis and degradation pathways were enriched in
GC tissues [63].

Similarly, differential microbial functional capacities
were also found between GC and other gastric lesions.
Upregulated function of nitrate reductase, which may
promote the reduction of nitrate to nitrite during cancer
development, can be found in GC or GIN compared
with chronic gastritis tissues [24, 47, 57]. Consistent
results were accumulating to show increasing path-
ways about cellular motility, genetic information pro-
cessing, replication and repair, nucleotide metabolism,
carbohydrate digestion, absorption, and bacterial ion
channels in GC when compared with SG, CAG, and IM
tissues [24, 54, 70].

In a prospective follow‐up study, some key path-
ways, including protein digestion and absorption, lipoic
acid metabolism, biosynthesis of type II polyketide
products, peroxisome proliferator‐activated receptor
(PPAR) signaling pathway, and 1,1,1‐Trichloro‐2,2‐bis
(4‐chlorophenyl)ethane degradation, were altered sig-
nificantly in the high‐risk subjects who progressed to
DYS/GC compared to the nonprogression subjects [66].
In another follow‐up study, microbial functional path-
ways associated with dysregulated nutrient metabolism
and arginine degradation differed significantly in sub-
jects who progressed to early stage of GC compared to
those who did not progress [57].

Microbiota‐related functions in various gastric
lesions

The microbiota‐related functional capacities were also
investigated in various gastric lesions to provide
possible microbial mechanisms for gastric carcinogen-
esis. The pathways that may contribute to the
recognition by host cells, such as chemotaxis, motility,
and two‐component systems, were depleted in CAG
and IM compared to SG, which may further be involved
in carcinogenesis [54]. When comparing IM with SG,
researchers found that the bacterial colony‐related
functional pathways were over‐represented, including
the lipopolysaccharide and ubiquinol biosynthesis
pathways, while the sugar degradation pathways were
depleted [58]. Compared to mild gastric lesions,
significant enrichment of the superpathway of N‐
acetylglucosamine, (Kdo)2‐lipid A biosynthesis, and
ribonucleoside‐triphosphate reductase was observed
in GIN [55].

Gastric microbiota interactions in gastric
carcinogenesis

In the complicated microenvironment of stomach,
microbiota may play essential roles interactively rather
than independently in the malignant transformation of
gastric tissues.

In GC patients, significant negative correlations
were found between Helicobacter genus and phyla of
Actinobacteria, Bacteroidetes, Firmicutes, Fusobac-
teria, and Proteobacteria (all bacteria belonging to
Proteobacteria except Helicobacter), which support the
interactions of H. pylori with the other gastric microbiota
[24, 84]. The interactions among Helicobacter and 9
other differential genera (Alloprevotella, Fusobacter-
ium, Neisseria, Porphyromonas, Prevotella, Rothia,
Veillonella, unknown_Bacteria, and unknown_Prevotel-
laceae) can be affected significantly by gastric lesions,
with stronger correlations in advanced gastric lesions
(CAG and IM/DYS) than in normal/SG groups [34].
More interactions among gastric microbes can be
found in H. pylori‐negative SG, CAG, and IM lesions
than in H. pylori‐positive corresponding gastric lesions,
which suggests the potential of H. pylori in altering
microbial interactions [54]. A study in a low‐H. pylori
prevalence population indicated increasing positive co‐
occurrence of oral bacteria in the stomach, which may
serve as pathogens in gastric lesion development [72].
The microbiota analysis in H. pylori‐negative subjects
also identified the increase of Burkholderiaceae and
decrease of Streptococcaceae and Prevotellaceae
genera from CAG to DYS [65]. Besides, co‐occurring
interactions between Helicobacter and Lachnoclostri-
dium or between Helicobacter and Ezakiella were also
observed in GC [47].
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Regarding the ecological network of gastric micro-
biota in cancer tissues, interactions were mainly
found between Firmicutes and Proteobacteria. Co‐
occurrence and co‐exclusion interactions between
gastric microbiota showed significant difference
between cancer and paracancerous tissues [47]. The
genera Veillonella, Streptococcus, Gemella, Hemophi-
lus, and Actinobacillus were noticed to be central and
to have the intense co‐occurrence interactions through-
out the progressive stages of gastric precancerous
lesions. During the disease progression, researchers
validated that the correlation between GC‐enriched
and GC‐depleted bacteria increased obviously.
Peptostreptococcus, Streptococcus, Parvimonas,
Slackia, and Dialister may play significant roles in GC
microbial ecological network, which indicated that oral
bacteria have inevitable centralities. Interactions
between taxa enriched and depleted in GC are
strengthened in the carcinogenesis [54]. A more robust
network of interactions between microbiota was
observed in the gastric mucosa and gastric juice when
GC was compared to SG [25]. It was also revealed that
the strongest co‐occurring interactions were observed in
IM among the other precancerous gastric lesions [55].

Gastric microbiota‐related mechanisms in
gastric carcinogenesis

Several studies have discussed the mechanisms of H.
pylori‐associated carcinogenesis. The investigated
possible mechanisms involve H. pylori colonization in
gastric mucosa, toxin‐induced gastric mucosal dam-
age, organism immune response, and chronic inflam-
mation [85–89].

Similar to the “driver‐passenger” hypothesis pro-
posed by the researchers in studies on colorectal
cancer and gut microbiota [90], H. pylori may initiate
the development of gastric lesions, followed by chronic
inflammation, reduced gastric acid secretion, and
changes in the gastric microenvironment [91, 92]. The
changed colonization of other bacteria besides
H. pylori in the stomach may lead to disruption of
homeostasis, aberrant immune response, and produc-
tion of carcinogenic substances, which may further lead
to gastric mucosa damage and development of H.
pylori‐associated gastric lesions and GC [93].

Several studies [94–97] have paid attention to the
relationships between gastric microbiota and immune
response of host. Close correlations were found
between the relative abundances of Stenotrophomo-
nas, Acinetobacter, Gemella genera and the number
of immunosuppressive cells in GC and paracancer-
ous tissues, while negative correlations were
observed between the relative abundances of Pseu-
domonas veronii, Escherichia coli, Bacillus and the
severity of gastric inflammation. Gastric microbiota

may play an essential role in activating Toll‐like
receptors in carcinogenesis process. Finally, the
urease‐producing bacteria, such as Streptococcus,
Corynebacterium, Actinomyces, Staphylococcus,
and Haemophilus [98], may induce an innate immune
response [99, 100]. These findings suggest that
gastric microbiota may cause immune dysfunction
in the gastric microenvironment.

It has been proposed that during carcinogenesis,
changes in the gastric mucosa lead to a decrease in
gastric acid secretion and induce the growth of bacteria
capable of reducing nitrate to nitrite, a precursor to
carcinogenic N‐nitroso compounds [6]. Nitrate/nitrite
metabolism is closely associated with carcinogenesis.
Nitrate‐reducing bacterial species can promote malig-
nant transformation of the stomach through this
metabolism process, including H. pylori, Clostridium,
Veillonella, Haemophilus, Staphylococcus, Neisseria,
Lactobacillus, Escherichia coli, and Nitrospirae [24,
47, 68, 101–106].

The abundant studies on gastric microbiota to date
have identified different microbial structure, specific
differential microbes, and their interaction alterations in
multistage of GC development. The function prediction
analyses and experimental validations further sup-
ported the possible microbial regulations underlying
gastric carcinogenesis. However, great efforts are still
urgently needed to decipher the huge amount of
detailed and complicated mechanisms involving the
interactions between gastric microbiota and hosts.

PROSPECTS: INTEGRATIVE
MULTIOMICS ANALYSIS
COMBINED WITH MICROBIOME IN
GASTRIC CARCINOGENESIS

The stomach houses an enormous number of
microbes, which may be involved in diverse functions
related to digestive, metabolic, endocrinological, and
immune processes. Until now, the human gastric
microbiota still needs deeply exploring and faces
immense technical challenges and the impact of many
confounding factors.

The development of GC is associated with gastric
microbiota, as we have discussed above. However, the
detailed mechanisms for the microbiota‐associated carci-
nogenesis still need the integrative multiomics frontier
studies. Microbe‐metabolite interactions may provide
evidence for clarifying the pathogenic mechanisms of
GC. Metabolites produced by microbiota can shape the
tumor microenvironment to influence tumor development
[107]. In recent years, many studies [108–111] focused
on the possible mechanisms of colorectal carcinogenesis
using integrative microbiome‐metabolomics analyses
and found significant microbe‐metabolite interactions.
The investigations in colorectal cancer provide good
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lessens for the exploration in the evolution of GC.
Currently, only a few studies conducted integrative
microbiome‐metabolomics analyses in GC patients
[112]. A study characterized the gastric microbiome of
37 GC and matched nontumor tissues, which were
combined with targeted and untargeted metabolomics
profile [113]. Correlation analysis suggested that Helico-
bacter was negatively and Lactobacillus was positively
associated with many differential nucleosides, nucleo-
tides, carbohydrates, amino acids, and glycerophospho-
lipids. In addition, significant correlations of Acinetobac-
ter, Comamonas, Faecalibacterium, Streptococcus, and
Sphingomonas with plenty of metabolites, such as
nucleosides, nucleotides, amino acids, carbohydrates,
and glycerophospholipids, were also identified [113]. The
associations of microbiota and metabolite alterations
were also investigated in patients with proximal and distal
GC. A noticeable increase in genera ofMethylobacterium
and Methylorubrum was observed in distal GC patients,
which was positively associated with cancer‐promoting
metabolites while negatively related to cancer‐inhibiting
metabolites. Moreover, Rikenellaceae_RC_gut_group
was found to be significantly increased and positively
associated with cancer‐promoting metabolites in the
proximal GC patients [59].

Investigation at a single omics level lacks multi-
level and multifaceted integration and has limited
value for inferring the etiology of complex diseases.
Therefore, multiomics has been increasingly applied
to the etiology of chronic diseases. Multiple studies
[114–117] combining human microbiome analysis
with metabolomics, transcriptomics, epigenetics, or
other omics approaches have been conducted in
oncology research. Complete elucidation of the
sophisticated biological processes and biological
network regulatory mechanisms involved in the
gastric microbiota is also needed in conjunction
with other omics techniques.

CONCLUSIONS

Increasing studies with new‐generation sequencing
technology have suggested that gastric microbiota is
closely associated with gastric lesions and cancer.
Specific differential microbes and potential correspond-
ing microbial functional capacities were identified
in GC and various precancerous lesions. The frontier
findings until now suggested possible diagnostic
biomarkers or intervention targets depending on the
pathogenic microbes or microbial interactions in addi-
tion to H. pylori. However, deep investigations are still
urgently needed for robust mechanism proofs in the
multistage gastric carcinogenesis process. Additionally,
population‐based prospective long‐term follow‐up
studies are important to decipher the dynamic migra-
tion pattern and causal relationships between gastric

microbiota and natural evolution of gastric lesions to
cancer. In the future, integrative multiomics studies
combining gastric microbiome depending on the large
prospective cohorts are expected to provide robust
evidence for the complicated mechanism of gastric
carcinogenesis. The comprehensive understanding of
host‐microbiota interactions will help to develop practi-
cal strategies for GC prevention and diagnosis.
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