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Abstract: Gastric cancer occurs in a small group of patients following chronic infection with Helicobacter
pylori. The development of gastric cancer is multifactorial. Current knowledge that a complex microbial community inhabits the stomach has raised the hypothesis that bacteria other than H. pylori may play a role in gastric
carcinogenesis. In this paper, we summarize recent results of the characterization of the microbiota at different
sites of the gastrointestinal tract, including the stomach. We also review the latest evidence from human studies
and from animal models addressing the role of the gastric microbiota in gastric carcinogenesis. Finally, we highlight recent reports that explore the oral and the gut microbiota as potential gastric cancer biomarkers.
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BACKGROUND
The discovery of Campylobacter pylori (later renamed Helicobacter pylori) in 1983 by Marshall and
Warren1 revolutionized the diagnosis and treatment of gastric diseases and broke the dogma that
the human stomach was sterile. These findings opened a new chapter of research on infectious
diseases of the upper gastrointestinal (GI) tract, and substantial knowledge on the pathophysiology of H. pylori infection has meanwhile accumulated. At present, with the development of
culture-independent and high-throughput sequencing methods, we are aware of the existence of
a complex bacterial community in the stomach, with distinct compositions in mucosa and lumen,
and that differs from communities of other sites of the GI tract2-5.
THE GASTRIC MICROBIOTA
A common issue of debate is whether the gastric microbiota has its own niche or is constituted by
a transient population. In an attempt to clarify this aspect, Schulz et al5 characterized the microbiota of saliva and of both aspirates and biopsies from the stomach and duodenum from 24 patients, by sequencing 16S rRNA transcripts. While no significant differences were detected in the
structure or composition (at phylum or genus level) of the oral microbial communities between
H. pylori-infected and non-infected individuals, the authors demonstrated significant differences
between the gastric luminal and gastric mucosal bacterial communities, in both H. pylori-infected
and non-infected individuals. This suggests that rather than representing transient swallowed
microorganisms, the adherent microbiota is selected by the gastric mucosal environment.
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Additional insights into the microbial community of the stomach have been provided by recent studies that characterized the microbiota of the same individuals at different sites of the
GI tract6-8. Vuik et al6 analysed the mucosal microbiome from nine different sites of the GI tract
in 14 subjects. The analyses, based on 16S rRNA gene sequencing, demonstrated significant differences in diversity between the upper (distal oesophagus, gastric antrum, proximal and distal
duodenum, proximal ileum) and lower GI tract (distal ileum, ascending and descending colon,
and rectum), the latter with higher microbial diversity. Firmicutes, Proteobacteria, and Bacteroidetes were the main phyla, but their profile changed along the GI tract, with Proteobacteria and
Firmicutes dominating the mucosal microbiota of the upper GI, and Firmicutes and Bacteroidetes
dominating the microbiota of the lower GI tract. Veillonellaceae, Pseudomonadaceae, Streptococcaceae, Prevotellaceae, and Helicobacteraceae were the most prevalent bacterial families in
the gastric antrum. Helicobacter species were detected at low abundances in nine individuals in
various locations, mostly on the upper GI tract.
Mailhe et al7 also reported significant differences in the bacterial composition and diversity along
different sites of the GI tract, when characterizing samples from six patients using culturomics with
MALDI-TOF in combination with 16S rRNA gene sequencing. Overall, they isolated 368 different
species of bacteria, 37 of which were new species. The highest number of species was isolated from
the lower GI tract, and 110 species were isolated from the stomach, including three novel species,
Actinomyces bouchesdurhonensis, Bacteroides mediterraneensis, and Streptococcus timonensis. In
agreement with Vuik et al6, the upper GI microbiota was less rich than the lower GI microbiota, with
species from the phyla Firmicutes, Proteobacteria, and Bacteroidetes dominating.
Vasapolli et al8 undertook an approach to identify transcriptionally active bacterial microbiota
in saliva, in mucosal samples from the upper (gastric corpus and antrum, and duodenum) and lower GI tract (terminal ileum, and ascending and descending colon), and in faecal samples from 21
healthy subjects. Overall, the microbial profiles clustered into two groups, those that comprised
bacterial communities from saliva and the upper GI tract, and the other that contained bacterial
communities from the lower GI tract and faeces, and that showed a higher level of heterogeneity.
The structure of the microbial communities had clear differences between the upper and lower
GI tract, but no major differences were reported between the distinct sites within the upper or
within the lower GI tract. In agreement with other reports that have used different technical approaches6,7, Firmicutes, Bacteroidetes, and Proteobacteria were dominant. In the stomach, Streptococcus, Pseudomonas, Prevotella, and Helicobacter were the most abundant genera. In addition
to the stomach, metabolically active H. pylori was detected at low levels in the duodenum but
was virtually absent in the lower GI tract, as well as in faecal samples. Importantly, the authors
demonstrated that faecal samples did not reflect metabolically active bacterial communities from
mucosal niches of the lower GI tract.
GASTRIC CARCINOGENESIS
Gastric cancer is still one of the cancers with highest incidence and mortality worldwide9. H. pylori
is classified as carcinogenic to humans and is the infectious agent that contributes to the highest
number of new cases of cancer10. Yet, and despite the recognized evidence on the association
between H. pylori and gastric cancer, the majority of patients infected with H. pylori will not
develop cancer. In addition to H. pylori infection, it is currently accepted that the virulence of the
infecting H. pylori strain, together with the host genetic susceptibility, and various lifestyle factors, influence the disease outcome11. Recent data from clinical studies and from animal models of
infection suggest that the non-H. pylori gastric microbiota may also play a role in gastric cancer
development, and this has been recently reviewed12-15.
THE GASTRIC MICROBIOTA IN GASTRIC CARCINOGENESIS
In the last year, two large studies compared the gastric microbiota between groups of patients
with different histological stages of the gastric carcinogenesis cascade16,17. In a study comprising 135 patients (81 with chronic gastritis and 54 with gastric cancer) from Portugal, Ferreira et
al16 showed a significant decrease in microbial diversity from chronic gastritis to gastric cancer.
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Among the genera that best explained differences between chronic gastritis and gastric cancer
patients, they identified Helicobacter and Neisseria that had decreased abundance, and Citrobacter, Lactobacillus, and Clostridium that had increased abundance in the gastric cancer microbiota. When differentially abundant taxa were combined into a microbial dysbiosis index, they
could distinguish the two patient groups in the receiver operating characteristic (ROC) analysis.
Interestingly, the gastric cancer microbiota had increased nitrosating functional features, an aspect that is compatible with a microbial community with increased genotoxic potential. Of note,
the results were confirmed by quantitative polymerase chain reaction and validated in cohorts
from different geographic origins.
In a study that included 81 patients (21 superficial gastritis, 23 atrophic gastritis, 17 intestinal
metaplasia, and 20 gastric cancer) from Xi’an, in China, Coker et al17 showed significant decreases
of gastric microbial richness in patients with intestinal metaplasia and gastric cancer, compared
to patients with superficial gastritis. They identified Peptostreptococcus stomatis, Streptococcus
anginosus, Parvimonas micra, Slackia exigua, and Dialister pneumosintes as being enriched in
the gastric microbiota of cancer patients, as central in the gastric cancer microbial interaction
network, and as able to distinguish gastric cancer from superficial gastritis in ROC analysis. Importantly, these results were successfully validated in an Inner Mongolian patient cohort.
Liu et al18 demonstrated that the structure and composition of the gastric microbiota of cancer
patients differ across different gastric microhabitats. In a study of 276 Chinese patients with gastric
cancer, they showed that microbial richness significantly decreased from normal gastric tissue, to the
area in the periphery of the tumour, to the tumour tissue. While in the tumour tissues there was an
enrichment of Prevotella melaninogenica, Streptococcus anginosus, and Propionibacterium acnes,
and a decreased abundance of H. pylori, in the normal and peritumoral areas, H. pylori influenced
the overall structure of the microbiota. Furthermore, the microbiota from the three gastric microhabitats had different bacterial correlation networks and functions. Specifically, the microbiota in
the tumour site showed a less complex network of interactions compared to that in the peritumoral
and normal microhabitats and was significantly enriched in the predicted functional genes involved
in the nucleotide transport and metabolism, and amino acid transport and metabolism.
Whether differences of the gastric microbiota in distinct stomach microhabitats have a role in
gastric carcinogenesis or are a consequence of tumour evolution remains to be clarified.
Hu et al19 conducted a whole metagenome sequencing (WMS) survey on the microbiome of
gastric wash samples from six gastric cancer and five superficial gastritis patients and identified
compositional and functional differences between clinical diagnoses. The microbial richness was
significantly decreased in the gastric cancer microbiome, which was characterized by enrichment
of commensals or opportunistic pathogens from the oral cavity, and by metabolic pathways of
lipopolysaccharide and amino acid biosynthesis. So far, no reports have reliably performed WMS
in gastric mucosal specimens. This is because in this type of specimens the amount of host DNA (>
96%) significantly reduces the sensitivity of WMS for microbiome profiling, in particular to detect
very low and low abundant bacteria species20.
Animal models have been pivotal in showing the importance of the microbiome in gastric
carcinogenesis. In the transgenic insulin-gastrin (INS-GAS) mouse model that develops gastric
intraepithelial neoplasia (GIN) seven months after H. pylori infection, Lofgren et al21 showed that
in comparison with H. pylori-infected INS-GAS mice harbouring a complex gastric microbiota, H.
pylori-infected germ-free INS-GAS mice had less severe gastric lesions and delayed the onset of
GIN. The importance of the microbiota in the promotion of gastric neoplasia has also been shown
in the K19-Wnt1/C2mE (Gan) mouse model of gastric carcinogenesis, which has simultaneous activation of the Wnt and PGE2 pathways22. Oshima et al22 demonstrated that in contrast to Gan mice
raised under specific pathogen-free conditions, which develop large gastric tumours by 55 weeks
of age, in Gan mice raised under germ-free conditions gastric tumorigenesis is significantly suppressed. The authors also showed that the reconstitution of commensal bacteria in Gan germ-free
mice or infection with Helicobacter felis resulted in development of gastric tumours.
It has been suggested that colonization of the stomach with commensal bacteria from other
locations of the GI tract may promote H. pylori-associated gastric carcinogenesis. Using the INSGAS mouse model, Lertpiriyapong et al23 described that colonization of H. pylori-infected mice
with a restricted intestinal microbiota (Clostridium spp., Lactobacillus murinus, and Bacteroides
spp.), recapitulated the histopathological findings, and the incidence of GIN observed in H. pylori-infected INS-GAS mice harbouring a complex microbiota.
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Although animal models are fundamental in vivo disease models, differences in the microbiome
composition may constitute an important source of experimental variability. Ge et al24 demonstrated that C57BL/6 (B6) mice from different vendors have significant differences in the structure of
microbial communities along the GI tract, which likely explain the dissimilar responses to H. pylori
infection. H. pylori infection had different efficiency of gastric colonization and different impact in
the structures of the microbial communities of the stomach, colon, and faeces of B6 mice from different vendors. The pathological and immunological responses that animals from the two vendors
developed in response to H. pylori infection were also different. These results are in agreement
with those of Velazquez et al25 who very recently reported that the differences in the microbiota
composition in genetically similar mice from different commercial vendors were responsible for the
divergent phenotypes of susceptibility to Salmonella infection. These results emphasize the importance of the microbiome in the reproducibility of animal experiments.
THE ORAL AND GUT MICROBIOTA IN GASTRIC CARCINOGENESIS
Several studies have explored the oral and the gut microbiomes in an attempt to identify microbial signatures that could be used as potential biomarkers for gastric cancer and precursor lesions.
Sun et al26 characterized the oral microbiome of saliva and of subgingival plaque in 37 patients
with gastric cancer and 13 healthy controls. They found that the oral microbiome was more complex in gastric cancer patients, with significant enrichment of Veillonella, Prevotella, Aggregatibacter, and Megasphaera and decreased Leptotrichia, Rothia, and Campylobacter, in comparison
to healthy controls. Based on a scoring system that included 11 oral microbiome species they could
identify gastric cancer patients with a sensitivity rate of 97%.
Wu et al27 also reported differences in the oral tongue coating microbiota between gastric
cancer patients (n = 57) and healthy controls (n = 80) from China. The tongue coating microbiota
of patients with gastric cancer had lower microbial richness, and clustered separately from that of
healthy controls based on weighted Unifrac metrics. The authors identified six bacterial clusters,
including a cluster with Streptococcus and Abiotrophia that was associated with gastric cancer,
and a cluster containing Prevotella that had an inverse association with gastric cancer and the
best discriminatory power in ROC analysis.
Cui et al28 performed a metagenomics analysis of the tongue coating of 78 chronic gastritis (44
superficial gastritis, 11 atrophic gastritis, and 23 intestinal metaplasia) patients and 50 healthy
individuals living in Beijing. They identified a significant increase in the relative abundance of
Campylobacter concisus between patients with superficial gastritis and atrophic gastritis. However, differences in the structure, composition, and functions of the tongue coating microbiome
were only reported between the whole group of chronic gastritis patients and healthy controls.
Yousseff et al29 investigated the composition of the gut microbiota in stool samples of Finnish patients with tumours in different locations of the GI tract (pancreas, small intestine, colon, rectum, and
stomach) and of 13 healthy individuals, and reported significant differences in the abundances of specific taxonomic groups. The relative abundance of Enterobacteriaceae was significantly enriched in stool
samples from patients with tumours in the stomach and small intestine. Additional differences in the gut
microbiota of gastric cancer patients in comparison with that of healthy controls included enrichment in
Ruminococcus and Subdoligranulum, and depletion in Lachnoclostridium and Oscillibacter.
Qi et al30 profiled the intestinal microbial communities in faecal samples from gastric cancer
patients (n = 116) and healthy controls (n = 88) from the Shanxi Province, in China. Their results
showed increased microbial richness in the intestinal microbiota of gastric cancer patients. Among
the genera that best explained differences between the two groups, they identified Enterobacteriaceae taxa, Lactobacillus, and Streptococcus that were enriched, and Lachnospiraceae taxa and
Faecalibacterium that were depleted in the gastric cancer gut microbiota. Lactobacillus and Lachnospira were central taxa in the gastric cancer patient gut microbial network, being negatively
correlated to each other. Moreover, the combination of Lactobacillus, Lachnospira, Streptococcus,
Veillonella, and Tyzzerella_3 had good discriminatory power between gastric cancer and healthy
controls with an area under the curve of 0.95 in ROC analysis.
Studies also analysed the gut microbiota of patients at different stages of the gastric carcinogenesis cascade. Microbiota profiling of faecal samples from 47 Chinese subjects with no disease
(n = 7), gastritis (n = 18) and intestinal metaplasia (n = 22) revealed significant increases in the rel-
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ative abundance of Firmicutes in gastritis and intestinal metaplasia vs. normal stomach, and in the
relative abundance of Proteobacteria in intestinal metaplasia vs. normal or gastritis31. In a study
of Japanese subjects with non-atrophic gastritis (n = 111), mild atrophic gastritis (n = 81), and severe atrophic gastritis (n = 34), Iino et al32 identified significantly increased relative abundance of
Lactobacillus in the faecal microbiota of individuals with severe atrophic gastritis.
Although the idea that profiling the oral or the gut microbiome as a non-invasive approach
for gastric cancer screening is attractive, many factors still need to be controlled. For example,
when assessing the oral microbiome, the site of sample collection is very important, as there is
high heterogeneity in the microbial communities across distinct sites within the oral cavity26,33,34.
Another aspect that still needs clarification is the extent to which H. pylori infection has an impact
on the oral or gut microbiomes. Chua et al35 demonstrated that individuals with gastric H. pylori
infection have significant differences in the structure and composition of the oral microbiota in
comparison with individuals that are H. pylori-negative. Schulz et al5 also detected three phylotypes (Propionibacterium acnes, Haemophilus, and Prevotella oris) significantly more abundant
in the saliva of H. pylori-negative compared to H. pylori-positive individuals. Additionally, Treponema was absent in saliva from H. pylori-negative subjects. Regarding the gut microbiota, Gao
et al31 could not detect differences in alpha- or beta-diversity of faecal samples between H. pylori-infected (n = 24) and non-infected (n = 23) subjects, but found a significant difference in the
faecal microbial community structure of H. pylori-negative subjects vs. those with past infection,
the latter showing reduction in the relative abundance of Bacteroidetes. Iino et al32 also showed
that H. pylori infection has an impact on the proportion of different species of Lactobacillus in
the gut microbiota, in particular on L. salivarius and L. acidophilus. Additionally, the use of proton
pump inhibitors (PPIs) affects the oral and gut microbiota, which was reported by Mishiro et al36.
The microbiome composition of saliva, periodontal pocket fluid, and faecal samples from healthy
volunteers had significant alterations before and after taking PPIs for a period of four weeks. In
particular, after PPI usage, Neisseria, and Veillonella were depleted in saliva and Leptotrichia was
enriched in the periodontal pocket fluid. The genus Streptococcus was significantly enriched in
the faecal microbiome after PPI intake, as it had been repeatedly reported in previous studies37,38.
KNOWLEDGE GAPS AND CONCLUSIONS
In spite of the recent progress in our understanding of the microbiome, the debate on whether
the gastric microbiota is a cause or a consequence of gastric cancer development is still ongoing.
Large studies of prospective nature that include patients at different stages of the gastric carcinogenesis cascade, and that are well controlled for the geographic origin and environmental
exposures of the patients, will be fundamental to elucidate the role of the gastric microbiota in
cancer progression. These studies should also take into consideration the characterization of microbiomes from other body sites, in particular the oral and faecal microbiomes, considering the
perspective of using them as non-invasive approaches for gastric cancer screening.
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