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Editorial on the Research Topic

The HumanMicrobiome and Cancer

The role of microorganisms in carcinogenesis has been a hotly contested area of research for over a
century. Early pioneers such as Peyton Rous were the first to demonstrate that viral pathogens could
initiate transformation of avian cells (Rous, 1910). Since then, the roles of viral pathogens such as
Epstein-Barr virus and human papilloma virus in carcinogenesis have been well-established (Sarid
andGao, 2011).More recently, the role of the bacteriumHelicobacter pylori in the etiology of gastric
cancer has been elucidated (Alfarouk et al., 2019) and compelling evidence for a fungal etiology in
pancreatic cancer has been proposed (Aykut et al., 2019). A role of the endogenous microbiota
in the etiology and progression of human cancers is now under intense investigation (Al-Hebshi
et al., 2019; Elinav et al., 2019; Healy andMoran, 2019). Advances in DNA sequencing have opened
up a new frontier in microbiome analysis leading to an explosion in studies to analyse changes
in human bacterial, fungal, and viral communities during the development of human cancers.
Metabolomics also allows us to study the impact of microbial metabolites (e.g., acetaldehyde) on
human physiology (Amer et al., 2020). These studies aim not only to identify novel etiologic agents,
but to determine if microbiome changes could have diagnostic potential or whether themicrobiome
has a direct role in malignant progression, metastatic spread, or the success of chemotherapeutic
regimens. Most studies focusing on the human microbiome and cancer have investigated the role
of the bacteriome on mucosal surfaces in the gastrointestinal tract. The role of the microbiome in
non-mucosal cancers such as breast and prostate cancers is also under investigation (Sfanos et al.,
2017; Chen et al., 2019). This Research Topic brings together a collection of studies investigating
the microbiome of the oral and gastrointestinal (GIT) microbiomes, combining original research
and up to date reviews.

One of the most important aspects of a microbiome study is DNA extraction and in the first
chapter of this collection, Zhang C. et al. explore whether homogenization or enzymatic lysis
of microbiome samples affects microbiome profiles in endoscopic biopsy samples. The authors
conclude that although both methods produce similar profiles, homogenization provides higher
microbial DNA content.

One area where microbiome profiling could potentially improve patient outcomes is as a
diagnostic tool to identify those at high risk of malignant transformation or to identify the stage of
cancer development. The diagnostic potential of the gut microbiome is highlighted by Ni et al. who
develop a measurement of microbial disturbance, termed dysbiosis index (Ddys), based on changes
to the fecal microbiota in hepatocellular carcinoma patients. This dysbiosis index may have the
potential to diagnose those with the disease and may in the future determine prognosis at different
stages of hepatocellular carcinoma (Ni et al.).
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The collection continues with several studies of the oral
microbiome. The oral cavity is one of the most diverse areas
of the human GIT and an increasing number of studies are
demonstrating the increased abundance of Fusobacterium spp. in
the development of OSCC (Al-hebshi et al., 2017; Amer et al.,
2017). Zhang Z. et al. show that enrichments for Fusobacterium
spp. are specific to tumor sites in OSCC patients, with reduced
levels observed in saliva and oral rinse specimens from the same
patients. Kageyama et al. extend the analysis of the salivary
microbiome to include patients with diverse cancers throughout
the GIT. This study also demonstrates elevated levels of F.
nucleatum in patients with oropharyngeal cancers and identifies
a general enrichment of P. gingivalis in all patients with cancers
of the digestive tract (Kageyama et al.). The influence of the
oral microbiome may also extend beyond the oral cavity, as
shown by Chen X-H. et al., who demonstrate that gastric
cancers exhibit increased abundance of taxa normally associated
with the oral microbiome. The presence of H. pylori in these
gastric samples also impacts upon the composition of these
communities, suggesting that H. pylori may have a central role
in the development of dysbiosis. The involvement of H. pylori
the development of gastric biofilms is further explored by Rizatto
et al., who discuss the potential role and mechanisms of biofilm
formation in the gastric mucosa and identify future directions for
this research area.

The intestinal microbiota is under intense investigation
for its roles in regulating metabolism, immunity, and the
interaction with cancer cells. In addition, specific pathogens
have been implicated in carcinogenesis including F. nucleatum
and Streptococcus gallolyticus subsp. Gallolyticus. Ma et al.
present a timely and comprehensive review of the impact of

the gut microbiome on cancer chemotherapy. Continuing this
topic, Cong, Zhu, Zhang et al. present novel data showing the
impact of chemotherapy on microbial networks in the intestinal
microbiota, opening up the possibility to explore how these
changes impact upon chemotherapeutic outcomes. The same
authors also investigate the effect of surgical interventions on the
gut microbiome of patients with CRC (Cong, Zhu, Liu et al.).
These data show that surgical interventions have a strong impact
on the microbiome resulting in increased levels of Klebsiella spp.,
which was significantly linked with lymphatic invasion.

Targeted interventions to restore healthy or beneficial
microbiomes are still in their infancy. Here, Wu et al. present
exciting data showing that chitooligosaccharides protect mice
from colorectal carcinomas by reducing the levels of Escherichia-
Shigella, Enterococcus, and Turicibacter and by promoting the
growth of butyrate producing bacteria.

In summary, this collection offers an insight into the
developing area of microbiome research in oncology, and
highlights the growing potential of these scientific tools for
improving diagnosis and treatment of these devastating diseases.
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Colorectal cancer (CRC) is a growing health problem throughout the world. Strong
evidences have supported that gut microbiota can influence tumorigenesis; however,
little is known about what happens to gut microbiota following surgical resection.
Here, we examined the changes of gut microbiota in CRC patients after the surgical
resection. Using the PCoA analysis and dissimilarity tests, the microbial taxonomic
compositions and diversities of gut microbiota in post-surgery CRC patients (A1)
were significantly different from those in pre-surgery CRC patients (A0) and healthy
individuals (H). Compared with A0 and H, the Shannon diversity and Simpson diversity
were significantly decreased in A1 (P < 0.05). Based on the LEfSe analysis, the
relative abundance of phylum Proteobacteria in A1 was significantly increased than
that in A0 and H. The genus Klebsiella in A1 had higher proportions than that in A0
(P < 0.05). Individual variation was distinct; however, 90% of CRC patients in A1
had more abundances of Klebsiella than A0. The Klebsiella in A1 was significantly
associated with infectious diseases (P < 0.05), revealed by the correlation analysis
between differentiated genera and metabolic pathway. The Klebsiella (Proteobacteria,
Gammaproteobacteria, Enterobacteriales, Enterobacteriaceae) in A1 was significantly
linked with lymphatic invasion (P < 0.05). Furthermore, the PCA of KEGG pathways
indicated that gut microbiota with a more scattered distribution in A1 was noticeably
different from that in A0 and H. The nodes, the links, and the kinds of phylum in each
module in A1 were less than those in A0 and H, indicating that gut microbiota in A1 had
a relatively looser ecologcial interaction network. To sum up, this pilot study identified the
changes of gut microbiota in post-surgery CRC patients, and highlights future avenues
in which the gut microbiota is likely to be of increasing importance in the care of surgical
patients.

Keywords: gut microbiota, colorectal cancer, surgery, high-throughput sequencing, real-time quantitative PCR
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Cong et al. Changes of Gut Microbiota Before and After Surgery

INTRODUCTION

Colorectal cancer (CRC) is the third leading cause of cancer
mortality in the world (Jemal et al., 2011), and is influenced
by heredity, diet, lifestyle, gut microbiota, and other factors
(Berstad et al., 2015; Sun and Kato, 2016). The human
intestinal tract is a nutrient-rich environment housing the
largest microbial communities (Zheng et al., 2016). The gut
microbiota has garnered great attentions because of its important
role in influencing CRC risk by metabolites and immunity
in the host (Saleh and Trinchieri, 2011). For example, some
bacteria producing hydrogen sulfide, acetaldehyde and secondary
bile acids can contribute to the risk of CRC (Huycke and
Gaskins, 2004; Bernstein et al., 2009). Simultaneously, some
bacteria, including the orders Clostridiales, Lactobacillales,
Bifidobacteriales, and Actinomycetales (Devillard et al., 2007),
may reduce CRC risk by producing butyrate and conjugated
linoleic acids (Scharlau et al., 2009). Therefore, understanding
the role of gut microbiota contributes to improving CRC patients’
care.

Human gut microbiota is considered as an essential “organ,”
which plays a key role in providing nourishment, regulating
epithelial development, and modulating immunity (Eckburg
et al., 2005). In recent years, many researchers have attempted
to understand the differences in gut microbiota by comparing
the microbial community structures of CRC patients and healthy
individuals and identify reliable microbial markers for CRC
precursors (Zeller et al., 2014). Previously, it has been reported
that the abundances of Enterococcus faecalis (Balamurugan et al.,
2008) and Desulfovibrio sp. (Scanlan et al., 2009) were observably
higher in CRC patients than that in healthy individuals, whereas
Bacteroides/Prevotella levels were significantly lower (Sobhani
et al., 2011). Differences were also observed in the overall
structure of gut microbiota between CRC patients and healthy
individuals (Sobhani et al., 2011). Despite of advances in
understanding the connections between gut microbiota and CRC,
little is known about how surgery resection influences the gut
microbiota. Current studies have indicated that many patients
who undergo treatment may experience recurrence and even die
within several years (Ryuk et al., 2014). Therefore, identifying
valid methods to evaluate post-surgery patients’ condition is vital
in reducing mortality and healthcare costs.

Gut microbiota is strongly influenced by the surgical removal
of lesions, and influences the intestinal healing, particularly with
respect to anastomotic tissues in colorectal surgery (Bachmann
et al., 2017). In this pilot study, we analyzed fecal samples of CRC
patients and healthy individuals by 16S rRNA gene sequencing
and real-time quantitative PCR. First, we used the classical
community analysis and statistical tests to compare the gut
microbial community structure and composition between CRC
patients and healthy individuals. Next, we generated functional
discrepancy prediction and molecular ecological network to
further examine the differences among them. Finally, we
discussed the correlates of gut microbiota and clinical variables
for the probabilities to assess whether gut microbiota played
a key role in identifying the condition for post-surgery CRC
patients.

MATERIALS AND METHODS

Study Design
Our pilot study subjects comprised 10 CRC patients and
11 healthy individuals (Supplementary Figure S1). The
CRC patients, aged 34–63 years, were from the affiliated
hospital of Qingdao University (Qingdao, China, Table 1 and
Supplementary Tables S1, S2). The pilot study selected from
untreated CRC patients and excluded those (N = 6) who had
previously undergone surgery, chemotherapy, radiation, or
targeted therapies before samples collection. Fecal samples
from these pre-surgery CRC patients were collected prior to a
colonoscopy (O’Brien et al., 2013). The lesion location of all
the selected CRC patients was in rectum. These CRC patients
were treated with palliative surgery or radical surgery, such
as Dixon, Miles and Hartmann (Supplementary Table S2).
Following up samples were obtained in approximately 1 month
after the surgery. The healthy individuals, aged 49–64 years,
were selected as controls (Table 1 and Supplementary Table S2).
During a routine physical examination, none had any recorded
antibiotics usage or gastrointestinal tract disorders within
3 months preceding the sample collection. All of the participants
have been local residents of Qingdao city. This pilot study
was approved by the Affiliated Hospital of Qingdao University
Institutional Review Board, and all pilot study participants signed
the informed consent before participation. All fecal samples
were collected within 3 h after defecation in the morning. The
collected samples from the healthy individuals, pre-surgery CRC
patients and post-surgery CRC patients were named by H, A0,
and A1, respectively. Fresh fecal samples were put into 5 ml tubes
and immediately stored at−80◦C until the day of analysis.

DNA Extraction, Purification, Sequencing
and Data Processing
Extraction of bacterial DNA was performed from fecal samples
using a QIAamp Fast DNA Stool Mini Kit as previously
reported (Wu et al., 2016). The freshly extracted DNA
was purified by 0.5% melting point agarose gel followed
by phenolchloroform-butanol extraction. The V3-V4 region
of the bacterial 16S rRNA gene from each DNA sample
was amplified using the bacterial universal primers (forward
primer: 5′-ACTCCTACGGGRSGCAGCAG-3′; reverse primer:
5′-GGACTACVVGGGTATCTAATC-3′). PCR amplification was

TABLE 1 | Baseline characteristics in healthy individuals and colorectal cancer
patients.

Variable Healthy
individuals

Colorectal
cancer

patients

P-value

Number 11 10 /

Age, year, median (IQR) 60 (49–64) 59 (34–63) 0.386

Sex (Female/Male), n 9/2 4/6 0.051

BMI, median (IQR) 24.1
(21.4–28.2)

25.5
(19.5–31.8)

0.211

Tumor location / Rectum /
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performed in a 30 µl reaction, containing 15 µl of 2×KAPA HiFi
Hotstart ReadyMix, 1 µl of each primer (forward and reverse
primer), 10 ng of template DNA, and the remaining volume of
ddH2O. The reaction mixtures were denatured at 95◦C for 1 min;
followed by 12 cycles of 98◦C for 15 s, 72◦C for 10 s, 94◦C for
20 s, 65◦C for 10 s and 72◦C for 10 s; then 11 cycles of 94◦C for
20 s, 58◦C for 30 s, 72◦C for 30 s; and a final extension at 72◦C
for 150 s. The PCR amplification products were purified with
an AxyPrep DNA Gel Extraction Kit (Axygen, United States),
eluted in 30 µl water, and aliquoted into three PCR tubes. DNA
quality and quantity were assessed by the ratios of 260/280 nm
and 260/230 nm, and final DNA contents were quantified with a
Qubit R© dsDNA HS Assay Kit (Invitrogen, United States). Finally,
we used bacterial DNA amplicons from each fecal sample for
2 × 250 bp paired-end sequencing based on the Illumina Hiseq
2500.

Raw sequences were separated into samples by barcodes using
the Galaxy Illumina sequencing pipeline1. Adapters, ambiguous
and low-quality reads (“N”) were trimmed by Btrim (Kong,
2011). Forward and reverse reads were incorporated into a whole
sequence by FLASH (Magoč and Salzberg, 2011). After quality
control of the raw data, the clean reads were clustered into
operational taxonomic units (OTUs) at 97% similarity level by
using UCLUST (Edgar, 2010). Each OTU was considered to
represent a species (Deng et al., 2012). Rarefaction analysis was
performed using the original detected OTUs (Supplementary
Figure S2). The ribosomal database project (RDP) classifier was
used to determine the taxonomic assignment (Wang et al., 2007).
Random resampling was conducted on 48,360 sequences per fecal
sample.

Real-Time Quantitative PCR
Three specific primers were used for real-time quantitative
PCR (qPCR), including 16S rRNA universal primer for
bacteria, primer for Fusobacterium nucleatum (Castellarin et al.,
2012), primer for Klebsiella pneumonia (Sun et al., 2010)
(Supplementary Table S3). The primers were synthesized at
Shanghai Sangon Company (China). The PCR program was
as follows: 95◦C for 3 min; 35 cycles of 94◦C for 30 s,
57◦C for 30 s, and 72◦C for 30 s; 72◦C for 8 min. The
PCR products were purified with gel extraction kit (Sangon
SK8131), quantified using Micro-spectrophotometer SMA4000
(Merinton), and used to construct standard curves. The copy
number of PCR products was calculated based on the formula:
Copy number/µL = 6.02 × 1014

× C/(M × W). The C (unit,
ng/µL) represents the concentration of PCR products, M (unit,
bp) represents the length of PCR products, and W (660 Da/bp)
represents the constant. The PCR products were diluted from 107

to 1010 copies/µL and amplified to construct standard curves.
The real-time qPCR was run with LightCycler480 II (Roche,
German). The reaction mixture contained 5 µL SybrGreen qPCR
Master Mix (Roche, German), 1 µL of template DNA, and 0.2 µL
forward/reverse primer (10 µM), and ddH2O was added to reach
a total volume of 10 µL. The real-time qPCR program was as
follows: 95◦C for 3 min; 45 cycles of 95◦C for 15 s, 57◦C for

1http://zhoulab5.rccc.ou.edu:8080/

20 s, and 72◦C for 30 s. The melting curves for the amplicons
were measured while monitoring fluorescence. The amplification
efficiencies of three primers were between 80 and 110%, and
the melting curves all showed a single peak (Supplementary
Figure S3), indicating that the results were credible. The copies
of each sample based on 16S rRNA universal primer were
considered as the bacterial biomass per gram. The following
formula was used to calculate the relative abundance: Relative
abundance = Ci/C0 × 100%, where Ci represents the copies of
the species and C0 represents the bacterial biomass (Xiao et al.,
2018).

Network Analysis
Gut microbial ecological networks were constructed and
analyzed by random matrix theory (RMT) methods by the
online MENA pipeline2. OTUs detected in less than 70%
from each group were removed to ensure reliable correlations.
For comparisons with different networks, the same cutoff of
0.77 was applied to construct ecological networks for gut
microbial communities. Each ecological network was separated
into modules by the fast greedy modularity optimization to
characterize the modularity property. Furthermore, a network
developed from OTU abundance data represented the ecological
co-occurrence (links) of different OTU markers (nodes) in a
microbial community, and different nodes played distinct roles
(Guimerà et al., 2007).

Statistical Analysis
The common OTUs mean that the OTUs present in three
groups (A1, A0 and H). Principal coordinate analysis (PCoA)
was used to identify overall gut microbial composition between
CRC patients and healthy individuals based on Bray-Curtis
dissimilarity index. Principal components analysis (PCA) was
used to determine the changes of KEGG pathways between CRC
patients and healthy individuals. Alpha diversity was calculated
using the observed species (richness), phylogenetic diversity,
Shannon index and Simpson index. The significant differences
referred to the multiple response permutation procedure
(MRPP) algorithms and analysis of similarity (Anosim).
Significant P-values associated with microbial clades and
functions were identified by Linear Discriminant Analysis with
Effect Size (LEfSe). Characteristics with an LDA score cut-
off of 2.0 were considered as being different. Community
analysis and differential abundance of OTUs were performed
using the STAMP 2.0.8 (Parks et al., 2014). According to
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
orthology, functional profiling of microbial communities was
predicted using Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) (Langille et al.,
2013). Gut microbial metabolic and other pathway differences
were predicted by the correlations between the PICRUSt-
generated functional profiles and STAMP-generated genus level
bacterial abundance. Mantel test was used to evaluate the linkages
between gut microbial structure and environmental attributes.
The R software package (v3.4.1) was used for all statistical

2http://ieg2.ou.edu/MENA/
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analysis, except for two-tailed unpaired t-tests by Microsoft Excel
2010, and Analysis of variance (ANOVA) and Pearson correlation
by IBM SPSS statistic 19.0 to determine the significance of the
differences and the clinical correlates.

RESULTS

Taxonomic Composition and Diversity of
Gut Microbiota
A total of 1,819,210 quality-filtered 16S rRNA gene sequences
were acquired from 31 samples, with an average of 58,684± 2602
reads per sample (Supplementary Table S4). A total of 648 OTUs
were generated at the 97% similarity level, with an average of
189 ± 60 OTUs per sample (Supplementary Table S4). We
compared the microbial alpha diversity (richness, phylogenetic
diversity, Shannon diversity and Simpson diversity) between
CRC patients and healthy individuals (Table 2). The results
demonstrated that the Shannon diversity and Simpson diversity
were significantly decreased in A1 compared with the A0 and
H (P < 0.05, Table 2). However, no statistically significant
differences were identified in the richness and phylogenetic
diversity for CRC patients and healthy individuals (P > 0.05,
Table 2). The dissimilarity tests showed that A1 was significantly
different from A0 and H based on the multiple response
permutation procedure (MRPP) algorithms and analysis of
similarity (ANOSIM) (P < 0.05, Supplementary Table S5).
PCoA based on Bray-Curtis dissimilarity index revealed overall
gut microbial composition in CRC patients was well separated
from each other, but partly overlapping with healthy individuals
(Figure 1). Furthermore, A1 presented a more scattered
distribution and had a distance from the A0 and H (Figure 1).
Therefore, A1 had significantly different community structure
with A0 and H.

Taxonomy-Based Comparisons of the
Gut Microbiota
The gut microbial taxa and their relative abundance were
significantly different among H, A0, and A1. At the
phylum level, H was mainly characterized by Firmicutes
and Bacteroidetes, whereas A0 and A1 had a very complicated
community composition, especially for A1 (Supplementary

TABLE 2 | Comparison of alpha diversity indices of gut microbiota between the
healthy volunteers (H) and CRC patients before and after surgery (A0 and A1).

Group Richness Phylogenetic
diversity

Shannon
diversity

Simpson
diversity

A0 (199 ± 56)a (15.10 ± 4.00)a (4.63 ± 0.91)a (0.90 ± 0.08)a

A1 (166 ± 77)a (14.14 ± 5.25)a (3.40 ± 1.27)b (0.76 ± 0.23)b

H (187 ± 41)a (14.31 ± 2.44)a (4.34 ± 0.91)a (0.88 ± 0.08)a

Values are shown as mean ± standard deviation. Richness means the detected
gene/sequence numbers. Significant differences among different groups are
indicated by alphabetic letters, P < 0.05. The ‘a’ means there are no significance
differences among groups. The ‘b’ means the group is significantly different from
other two groups.

Figure S4). Compared with H, the relative abundance of
Proteobacteria was significantly increased by 12.90%, and
Bacteroidetes was significantly decreased by 23.06% in A1
(P < 0.05, Supplementary Table S6). At the genus level, the
members of Faecalibacterium, Roseburia, Ruminococcus, and
Lachnospiracea_incertae_sedis were significantly lower in A1
than those in H (P < 0.05, Supplementary Figure S5 and
Supplementary Table S7). To identify gut microbial responses
associated with surgery at the taxonomical level, we determined
microbial clade differences using LEfSe analysis (Figure 2). At
the phylum level, higher proportions of Proteobacteria were
observed in A1 than that in A0 and H (Figure 2A). At the
genus level, greater proportions of Klebsiella were detected in
A1 than that in A0 (Supplementary Figure S6). The genus
Fusobacteria was significantly enriched in A0 than that in
A1 and H (Figure 2B). The members of Clostridium XlVa,
Fusobacterium, Parvimonas, and Peptostreptococcus were more
abundant on A0 than that on A1 and H (Figure 2A).

Sequencing data suggested that gut microbiota made changes
in response to surgery, and we further used real-time qPCR to
help validate changes observed and detected with 16S sequencing
data. We selected Fusobacterium nucleatum and Klebsiella
pneumoniae to examine the variations, which frequently present
in CRC patients (Supplementary Figure S7). The results showed
that the relative abundance of Fusobacterium nucleatum in A0
was significantly higher than that in H (P < 0.05). However, the
relative abundance of Klebsiella pneumoniae was not significantly
changed. In addition, individual differences were evident showed
in Supplementary Figure S8. Notably, the relative abundance
of Fusobacterium increased markedly in 8/10 patients of A0
compared with A1. The members of Klebsiella were distinctly
higher in 9/10 patients of A1 than that in A0.

Functional and Metabolic Discrepancy of
the Gut Microbiota
Further studies were required to understand the dynamics of
gut microbiota following surgical treatment to evaluate the
role of microbiota. The PCA of KEGG pathways indicated
that A1 was notably different from A0 and H, which
had a more scattered distribution based on the STAMP
analysis (Figure 3A). In terms of KEGG pathways (L2,
Figure 3B), the functions of ‘replication and repair,’ ‘folding,
sorting and degradation,’ and ‘cell growth and death,’ which
belong to the first level ‘Genetic information processing’ and
‘Cellular processes,’ respectively, were significantly enriched
in A0 (P < 0.05) compared with H and A1 based on
the LEfSe analysis. The results indicated that gut microbiota
in pre-surgery patients was enriched in more conservative
housekeeping functions. The ‘infectious diseases,’ ‘xenobiotics
biodegradation and metabolism,’ ‘metabolism of other amino
acids,’ ‘neurodegenerative diseases,’ and ‘metabolism’ were
significant function hallmarks of gut microbiota in A1.
Furthermore, we found that the genus Klebsiella in A1 was
significantly and closely associated with infectious diseases, such
as bacterial invasion of epithelial cells and Staphylococcus aureus
infection (P < 0.05, Figure 4).
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FIGURE 1 | Principal coordinates analysis (PCoA) ordination (operational taxonomic units = 97% 16S rRNA sequence similarity) showing distinctly different microbial
composition between CRC patients and healthy individuals based on the Bray-Curtis dissimilarity matrix.

Modularity Analysis in Gut Microbiota
Microbes rarely live in isolation, but instead interact in complex
ecological networks. To identify the assemblages that potentially
interact within the intestinal tract, we focused on representative
networks from CRC patients and healthy individuals. We selected
more than five nodes to construct the modules and visualized the
phylogeny for modules with at least two kinds of phyla (Figure 5).
Overall, OTU tended to co-occur (positive correlations, gray
lines) rather than co-exclude (negative correlations, pink lines).
However, there were more negative correlations between gut
microbes in A0 than that in A1 and H (Figure 5). The
modules in A1 became smaller and less connected, which had
fewer nodes and links (35, 37) than that in A0 (60, 113) and
in H (91, 231). Furthermore, the kinds of phylum in each
module were only two in A1, which were less than that in A0
and H.

Correlates of Gut Microbiota and Clinical
Variables
Based on the mantel test, we explored the clinical correlates
of gut microbiota and patients age, sex, BMI, and bowel
treatment. The results showed that the whole gut microbiota
and key phyla had no significant correlations with these clinical
variables (Supplementary Table S8). Then, we analyzed the
histopathological correlates of gut microbiota and tumor stage,
grade of tumor differentiation, lymphatic invasion, perineural
invasion, number of metastasis lymph nodes and tumor markers
(CEA and CA199) (Supplementary Table S9). We found that the
Fusobacterium (Fusobacteria, Fusobacteriia, Fusobacteriales,

Fusobacteriaceae) in A0 and Klebsiella (Proteobacteria,
Gammaproteobacteria, Enterobacteriales, Enterobacteriaceae)
in A1 were significantly correlated with lymphatic invasion
(P < 0.05). The Fusobacterium (Fusobacteria, Fusobacteriia,
Fusobacteriales, Fusobacteriaceae) in A0 was significantly
correlated with CA199 (P < 0.05).

DISCUSSION

The gut microbiota interacts extensively with the host by the co-
metabolism of substrates and metabolic exchanges to maintain
a healthy status and normal functions of the body (Nicholson
et al., 2005). Previous studies have highlighted the significance
of gut microbiota in the progression of intestinal diseases such
as Crohn’s disease, ulcerative colitis (Willing et al., 2010), celiac
disease in children (Nadal et al., 2007), allergic inflammation in
infants (Kalliomäki and Isolauri, 2003), and CRC (Bachmann
et al., 2017). In this pilot study, we focused on exploring the
feedback of gut microbiota of CRC patients in response to the
surgical removal of lesions.

The gut microbial community composition and diversity
in post-surgery CRC patients significantly differ from that in
pre-surgery CRC patients and healthy individuals (P < 0.05,
Figure 1, Table 2, and Supplementary Table S5). However,
the gut microbial alpha diversity in A0 was not significantly
different from that in H (Table 2). The findings may be explained
by previous report that the fecal microbiota only partially
reflected mucosal microbiota in CRC (Flemer et al., 2017a).
The alpha diversity in A1 was significantly lower than that in
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FIGURE 2 | Microbial biomarkers among healthy volunteers (H) and CRC patients (A0 and A1). (A) LEfSe analysis shows differentially abundant taxa as biomarkers
using Kruskal–Wallis test (P < 0.05) with LDA score > 2.0. (B) Cladogram representation of the differentially abundant taxa. The root of the cladogram represents the
domain bacteria. The size of each node represents their relative abundance. No significantly different taxa are labeled by yellow. Significant different taxa are labeled
by following the color of each group.
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FIGURE 3 | Functional and metabolic discrepancy of the gut microbiota between CRC patients and healthy individuals. (A) Principal component analysis (PCA) plot
of the KEGG pathway (L2) shows that the post-surgery CRC patients were noticeably different from the pre-surgery CRC patients and healthy individuals based on
the STAMP analysis. Characteristics with an LDA score cut-off of 2.0 were considered as being different. The LDA scores (log10) > 2 are listed; (B) Discriminatory
functional pathways (KEGG L2) shows the significantly different between CRC patients and healthy individuals based on the LDA score using the LEfSe analysis.

FIGURE 4 | Gut microbial metabolic and other pathway differences in pre-surgery CRC patients (A0) and post-surgery CRC patients (A1). Correlations between the
PICRUSt-generated functional profiles and STAMP-generated genus level bacterial abundance are calculated and plotted.

H (P < 0.05). High diversity is always linked to health and
temporal stability (Flores et al., 2014). Conversely, a relative lack
of diversity is often observed in the gut microbiota of CRC
patients (Gao et al., 2015). Antibiotics use causes a dramatic
reduction in the diversity of gut microbiota (Dethlefsen and
Relman, 2011), which was similar to our results that the gut
microbial diversity was significantly decreased in post-surgery

CRC patients, potentially weakening the community’s ability to
resist pathogens.

Flemer et al. (2017b) had previously confirmed that the
microbiota of CRC patients differed from that of controls (Flemer
et al., 2017b), and similar results had been found in our study
that gut microbial taxa and their relative abundance of CRC
patients, especially for post-surgery CRC patients, significantly
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FIGURE 5 | Highly connected modules of gut microbial networks within CRC patients before and after surgery (A0, A1) and healthy individuals (H). The colors of
nodes indicate different major phyla; pie charts represent the composition of modules with ≥ 2 phyla. A pink link indicates negative correlations between two
individual nodes, whereas a gray link indicates positive correlations. The percentage in parentheses indicates the ratio of positive correlations.

differed from that of healthy individuals (P < 0.05). Generally,
the gut microbiota in healthy individuals is dominated by
the phyla Firmicutes and Bacteroidetes (Consortium, 2012),
whereas Proteobacteria, Actinobacteria, Verrucomicrobia, and
Fusobacteria are less abundant (Bäckhed et al., 2005). The
relative abundance of phylum Proteobacteria was significantly
higher in A1 than that in A0 and H (P < 0.05, Figure 2A
and Supplementary Table S6). Imbalanced gut microbiota often
results from a sustained increase in Proteobacteria, and human
gut microbiota normally contains a minor proportion of this
phylum (Shin et al., 2015). A bloom of Proteobacteria in the
gut often reflects an unstable structure of the gut microbial

community, which was often observed in the disease states
(Morgan et al., 2012). Proteobacteria was often associated
with dysbiosis and was a potential diagnostic criterion for
disease (Shin et al., 2015). The relative abundance of phylum
Fusobacteria was significantly increased in A0 than that in A1
and H (P < 0.05, Figure 2B). At the genus level, Klebsiella played
more significantly key roles in A1 than that in A0 (P < 0.05,
Supplementary Figure S6). However, the relative abundance of
Klebsiella pneumoniae was not significantly changed based on the
real-time qPCR (Supplementary Figure S7). The reasons were
probably ascribed to the small sample size, followed by the low
abundance in sample itself, DNA degradation of human feces, the
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sensitivity and specificity of primer, reaction condition of qPCR.
In addition, Clostridium XlVa, Parvimonas, Peptostreptococcus,
and Fusobacterium played significantly important roles in
A0 (P < 0.05, Figure 2A). Parvimonas was frequently and
significantly increased in stools from CRC patients (Shah et al.,
2017). Peptostreptococcus played a key role in the dysbiosis of
mucosa-associated microbiota in CRC patients (Shah et al., 2017).
It was reported that Fusobacterium species led the development
of CRC (Kostic et al., 2012). The qPCR results also showed that
Fusobacterium nucleatum in A0 was significantly higher than
that in H (P < 0.05, Supplementary Figure S7). Fusobacterium
nucleatum infection is prevalent in human CRC (Castellarin et al.,
2012). Furthermore, we found that Fusobacterium (Fusobacteria,
Fusobacteriia, Fusobacteriales, Fusobacteriaceae) in A0 was
significantly correlated with lymphatic invasion and tumor
marker CA199 (P < 0.05, Supplementary Table S9), similar to
Castellarin et al. (2012) results that indicated that high relative
abundance of Fusobacterium was more likely to have regional
lymph node metastases. Therefore, gut microbiota from fecal
samples was increasingly possible to be considered as potential
diagnostic biomarkers of dysbiosis for CRC patients (Zackular
et al., 2014).

Potential function and metabolism of gut microbiota in
CRC patients were greatly changed in response to the surgery.
Although great differences were observed in the taxonomic
composition of gut microbiota in different individuals, the
metabolic pathways are considerably more consistent across
people (Consortium, 2012). A healthy microbiota may contain
specific microbial combinations, metabolic modules, and
regulatory pathways that together maintain a stable host-
associated ecology (Martiny et al., 2015). The housekeeping
functions are necessary for all microbial life, such as ‘replication
and repair’ and ‘cell growth and death’ (Consortium, 2012).
Our results demonstrated that the housekeeping functions
were significantly associated with gut microbiota in A0,
whereas the gut microbiota in A1 was more closely involved
with the functions of infectious diseases and xenobiotics
biodegradation and metabolism (Figure 3). The Klebsiella in
A1 was determined to be closely associated with infectious
diseases (Figure 4). Klebsiella is an opportunistic pathogen
routinely found in human gut that causes diarrhea, pneumonia,
and bloodstream infections (Yan et al., 2017). It was reported
that overgrowth of Klebsiella often foreshadowed gut flora
dysbiosis (Garrett et al., 2010) and markedly increased
the rates of treatment failure and death (Yan et al., 2017).
Furthermore, Klebsiella (Proteobacteria, Gammaproteobacteria,
Enterobacteriales, Enterobacteriaceae) in A1 was significantly
correlated with lymphatic invasion (P < 0.05, Supplementary
Table S9). Therefore, the gut microbiota in post-surgery
CRC patients maybe presented a weaker robustness when
random and specific perturbations influence its functional
stability.

Molecular ecological networks of gut microbiota in
CRC patients were also greatly changed in response to the
surgery. In network biology, a group of microbial species
strongly interacting with one another constructs a module,
which may reflect physical contact, divergent selection,

functional association, and/or the phylogenetic clustering
of closely related species (Olesen et al., 2007). Considering
the characteristic of a smaller and looser network module
in A1 (Figure 5), it implied that A1 had a weaker coupling
between gut microbes than A0 and H. This could partially
be explained by some sharply growing pathogenic bacterium,
such as the phylum Proteobacteria, influencing the microbial
community structure (Figure 2 and Supplementary Table S6).
Therefore, the gut microbiota in post-surgery patients
probably had a higher sensitivity in response to external
changes.

The age, sex, BMI, bowel treatment and diet were considered
as the important influencing factors in changing the gut
microbiota of CRC patients. However, we found that there
were no significant correlations between these factors (age,
sex, BMI, and bowel treatment) and gut microbiota based
on the mantel test (Supplementary Table S8). Comprehensive
information on microbial species across a great number of
samples is essential in identifying the changes among microbial
communities (Barberán et al., 2012). Sample sets should ideally
be ample to achieve sufficient variability (Barberán et al.,
2012). However, the number of patients in the treatment group
was relatively small and individual differences were evident
(Supplementary Figure S8). Therefore, there was not statistical
power to adequately examine these relationships between these
factors (age, sex, BMI, and bowel treatment) and gut microbiota.
Therefore, we could not scale the results to all the situations
with only a few samples. In addition, samples from the post-
surgery patients were also influenced by the colonoscopy. More
attentions should be paid on these correlative factors in the
future. Yet, this pilot study would provide better understanding
of the responses of gut microbiota to the surgical removal
of lesions for CRC patients (Supplementary Figure S9). The
gut microbiota probably plays a key role in identifying the
condition for post-surgery CRC patients. Additional sampling
efforts, colonoscopy effects, and diet records combined with
clinical follow-up are required to further obtain unique insight
into gut microbial changes in post-surgery CRC patients
to predict disease states and develop therapies to correct
dysbiosis.

CONCLUSION

In summary, this pilot study explored the changes of gut
microbiota in CRC patients following the surgery. The gut
microbial taxonomic compositions in post-surgery CRC patients
were significantly different from those in pre-surgery CRC
patients and healthy individuals. The gut microbiota in post-
surgery CRC patients had a significantly lower alpha diversity
and a looser ecological interaction network. Most post-surgery
CRC patients had more abundances of Klebsiella. The Klebsiella
in post-surgery CRC patients was significantly associated with
lymphatic invasion. These results indicated that gut microbiota
was probably considered to be the valuable biomarkers in
evaluating the condition of post-surgery CRC patients. More
attentions should be paid to advance our understanding of the
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role of gut microbiota in recovering the intestinal health of
post-surgery CRC patients.
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Magoč, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads
to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/
bioinformatics/btr507

Martiny, J. B., Jones, S. E., Lennon, J. T., and Martiny, A. C. (2015). Microbiomes
in light of traits: a phylogenetic perspective. Science 350:aac9323. doi: 10.1126/
science.aac9323

Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward,
D. V., et al. (2012). Dysfunction of the intestinal microbiome in inflammatory
bowel disease and treatment. Genome Biol. 13:R79. doi: 10.1186/gb-2012-13-
9-r79

Nadal, I., Donat, E., Ribes-Koninckx, C., Calabuig, M., and Sanz, Y. (2007).
Imbalance in the composition of the duodenal microbiota of children with
coeliac disease. J. Med. Microbiol. 56, 1669–1674. doi: 10.1099/jmm.0.47
410-0

Nicholson, J. K., Holmes, E., and Wilson, I. D. (2005). Gut microorganisms,
mammalian metabolism and personalized health care. Nat. Rev. Microbiol. 3,
431–438. doi: 10.1038/nrmicro1152

O’Brien, C. L., Allison, G. E., Grimpen, F., and Pavli, P. (2013). Impact of
colonoscopy bowel preparation on intestinal microbiota. PLoS One 8:e62815.
doi: 10.1371/journal.pone.0062815

Olesen, J. M., Bascompte, J., Dupont, Y. L., and Jordano, P. (2007). The modularity
of pollination networks. Proc. Natl. Acad. Sci. U.S.A. 104, 19891–19896. doi:
10.1073/pnas.0706375104

Parks, D. H., Tyson, G. W., Hugenholtz, P., and Beiko, R. G. (2014). STAMP:
statistical analysis of taxonomic and functional profiles. Bioinformatics 30,
3123–3124. doi: 10.1093/bioinformatics/btu494

Ryuk, J. P., Choi, G. S., Park, J. S., Kim, H. J., Park, S. Y., Yoon, G. S., et al.
(2014). Predictive factors and the prognosis of recurrence of colorectal cancer
within 2 years after curative resection. Ann. Surg. Treat. Res. 86, 143–151.
doi: 10.4174/astr.2014.86.3.143

Saleh, M., and Trinchieri, G. (2011). Innate immune mechanisms of colitis and
colitis-associated colorectal cancer. Nat. Rev. Immunol. 11, 9–20. doi: 10.1038/
nri2891

Scanlan, P. D., Shanahan, F., and Marchesi, J. R. (2009). Culture-independent
analysis of desulfovibrios in the human distal colon of healthy, colorectal
cancer and polypectomized individuals. FEMS Microbiol. Ecol. 69, 213–221.
doi: 10.1111/j.1574-6941.2009.00709.x

Scharlau, D., Borowicki, A., Habermann, N., Hofmann, T., Klenow, S., Miene, C.,
et al. (2009). Mechanisms of primary cancer prevention by butyrate and
other products formed during gut flora-mediated fermentation of dietary fibre.
Mutat. Res. 682, 39–53. doi: 10.1016/j.mrrev.2009.04.001

Shah, M. S., Desantis, T. Z., Weinmaier, T., Mcmurdie, P. J., Cope, J. L.,
Altrichter, A., et al. (2017). Leveraging sequence-based faecal microbial
community survey data to identify a composite biomarker for colorectal cancer.
Gut 67, 882–891. doi: 10.1136/gutjnl-2016-313189

Shin, N. R., Whon, T. W., and Bae, J. W. (2015). Proteobacteria: microbial signature
of dysbiosis in gut microbiota. Trends Biotechnol. 33, 496–503. doi: 10.1016/j.
tibtech.2015.06.011

Sobhani, I., Sobhani, J., Roudot-Thoraval, F., Roperch, J. P., Letulle, S., Letulle, P.,
et al. (2011). Microbial dysbiosis in colorectal cancer (CRC) patients. PLoS One
6:e16393. doi: 10.1371/journal.pone.0016393

Sun, F., Wu, D., Qiu, Z., Jin, M., Wang, X., and Li, J. (2010). Development of
real-time PCR systems based on SYBR Green for the specific detection and
quantification of Klebsiella pneumoniae in infant formula. Food Control 21,
487–491. doi: 10.1016/j.foodcont.2009.07.014

Sun, J., and Kato, I. (2016). Gut microbiota, inflammation and colorectal cancer.
Annu. Rev. Microbiol. 3, 130–143. doi: 10.1016/j.gendis.2016.03.004

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naïve Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial taxon-
omy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

Willing, B. P., Dicksved, J., Halfvarson, J., Andersson, A. F., Lucio, M.,
Zheng, Z., et al. (2010). A pyrosequencing study in twins shows that
gastrointestinal microbial profiles vary with inflammatory bowel disease
phenotypes. Gastroenterology 139, 1844–1854. doi: 10.1053/j.gastro.2010.08.049

Wu, X., Zhang, H., Chen, J., Shang, S., Wei, Q., Yan, J., et al. (2016). Comparison of
the fecal microbiota of dholes high-throughput Illumina sequencing of the V3–
V4 region of the 16S rRNA gene. Appl. Microbiol. Biotechnol. 100, 3577–3586.
doi: 10.1007/s00253-015-7257-y

Xiao, Y., Liu, X., Meng, D., Tao, J., Gu, Y., Yin, H., et al. (2018). The role of soil
bacterial community during winter fallow period in the incidence of tobacco
bacterial wilt disease. Appl. Microbiol. Biotechnol. 102, 2399–2412. doi: 10.1007/
s00253-018-8757-3

Yan, Q., Gu, Y., Li, X., Yang, W., Jia, L., Chen, C., et al. (2017). Alterations of
the gut microbiome in hypertension. Front. Cell. Infect. Microbiol. 7:381. doi:
10.3389/fcimb.2017.00381

Zackular, J. P., Rogers, M. A., and Schloss, P. D. (2014). The human gut microbiome
as a screening tool for colorectal cancer. Cancer Prev. Res. 7, 1112–1121. doi:
10.1158/1940-6207.CAPR-14-0129

Zeller, G., Tap, J., Voigt, A. Y., Sunagawa, S., Kultima, J. R., Costea, P. I., et al.
(2014). Potential of fecal microbiota for early-stage detection of colorectal
cancer. Mol. Syst. Biol. 10:766. doi: 10.15252/msb.20145645

Zheng, Z., Zhong, W., Liu, L., Wu, C., Zhang, L., Cai, S., et al. (2016).
Bioinformatics approaches for human gut microbiome research. Infect. Dis.
Transl. Med. 2, 69–79.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Cong, Zhu, Liu, Li, Zhang, Zhu, Lv, Liu, Hao, Tian, Zhang and
Zhang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 11 November 2018 | Volume 9 | Article 277716

https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1126/science.aac9323
https://doi.org/10.1126/science.aac9323
https://doi.org/10.1186/gb-2012-13-9-r79
https://doi.org/10.1186/gb-2012-13-9-r79
https://doi.org/10.1099/jmm.0.47410-0
https://doi.org/10.1099/jmm.0.47410-0
https://doi.org/10.1038/nrmicro1152
https://doi.org/10.1371/journal.pone.0062815
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1073/pnas.0706375104
https://doi.org/10.1093/bioinformatics/btu494
https://doi.org/10.4174/astr.2014.86.3.143
https://doi.org/10.1038/nri2891
https://doi.org/10.1038/nri2891
https://doi.org/10.1111/j.1574-6941.2009.00709.x
https://doi.org/10.1016/j.mrrev.2009.04.001
https://doi.org/10.1136/gutjnl-2016-313189
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1016/j.tibtech.2015.06.011
https://doi.org/10.1371/journal.pone.0016393
https://doi.org/10.1016/j.foodcont.2009.07.014
https://doi.org/10.1016/j.gendis.2016.03.004
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1053/j.gastro.2010.08.049
https://doi.org/10.1007/s00253-015-7257-y
https://doi.org/10.1007/s00253-018-8757-3
https://doi.org/10.1007/s00253-018-8757-3
https://doi.org/10.3389/fcimb.2017.00381
https://doi.org/10.3389/fcimb.2017.00381
https://doi.org/10.1158/1940-6207.CAPR-14-0129
https://doi.org/10.1158/1940-6207.CAPR-14-0129
https://doi.org/10.15252/msb.20145645
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


ORIGINAL RESEARCH
published: 08 January 2019

doi: 10.3389/fmicb.2018.03246

Frontiers in Microbiology | www.frontiersin.org 1 January 2019 | Volume 9 | Article 3246

Edited by:

Nezar Al-hebshi,

Temple University, United States

Reviewed by:

Gary Moran,

Trinity College Dublin, Ireland

Mohammed A. Ibrahim Al-Obaide,

Texas Tech University Health Science

Center School of Medicine at Amarillo,

United States

Nur A. Hasan,

University of Maryland, College Park,

United States

*Correspondence:

Manish A. Shah

mas9313@med.cornell.edu

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Systems Microbiology,

a section of the journal

Frontiers in Microbiology

Received: 03 July 2018

Accepted: 14 December 2018

Published: 08 January 2019

Citation:

Zhang C, Thakkar PV, Powell SE,

Sharma P, Vennelaganti S, Betel D

and Shah MA (2019) A Comparison of

Homogenization vs. Enzymatic Lysis

for Microbiome Profiling in Clinical

Endoscopic Biopsy Tissue Samples.

Front. Microbiol. 9:3246.

doi: 10.3389/fmicb.2018.03246

A Comparison of Homogenization vs.
Enzymatic Lysis for Microbiome
Profiling in Clinical Endoscopic
Biopsy Tissue Samples
Chao Zhang 1,2†, Prashant V. Thakkar 2†, Sarah Ellen Powell 2, Prateek Sharma 3,

Sreekar Vennelaganti 3, Doron Betel 1,2 and Manish A. Shah 2*

1 Institute for Computational Biomedicine, Weill Cornell Medicine, New York, NY, United States, 2Division of Hematology and

Medical Oncology, Department of Medicine, Weill Cornell Medicine, New York, NY, United States, 3 Veterans Affairs Medical

Center and University of Kansas School of Medicine, Kansas City, MO, United States

Identification of the human microbiome has proven to be of utmost importance with

the emerging role of bacteria in various physiological and pathological processes.

High throughput sequencing strategies have evolved to assess the composition of the

microbiome. To identify possible bias that may exist in the processing of tissue for

whole genome sequencing (WGS), it is important to evaluate the extraction method

on the overall microbial content and composition. Here we compare two different

methods of extraction, homogenization vs. enzymatic lysis, on gastric, esophageal and

colorectal biopsies and survey the microbial content and composition using WGS and

quantitative PCR (qPCR). We examined total bacterial content using universal 16S rDNA

qPCR as well as the abundance of three phyla (Actinobacter, Firmicutes, Bacteroidetes)

and one genus (Fusobacterium). We found minimal differences between the two

extraction methods in the overall community structure. Furthermore, based on our qPCR

analysis, neither method demonstrated preferential extraction of any particular clade

of bacteria, nor significantly altered the detection of Gram-positive or Gram-negative

organisms. However, although the overall microbial composition remained very similar

and the most prevalent bacteria could be detected effectively using either method,

the precise community structure and microbial abundances between the two methods

were different, primarily due to variations in detection of low abundance genus. We also

demonstrate that the homogenization extraction method provides higher microbial DNA

content and higher read counts from human tissue biopsy samples of the gastrointestinal

tract.

Keywords: gastrointestinal tract, whole genome sequencing, quantitative PCR, microbiome, clinical biopsy,

metagenomics, DNA extraction

INTRODUCTION

The human microbiota is an integral part of human physiology, influencing human development,
host immunity, and nutrition (Shreiner et al., 2015). Despite extensive studies conducted on the
human microbiome over the past decade, the precise ecological relationship between microbial
constituents and their human hosts is not fully understood. An important step in the evaluation of
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the human microbiome is to accurately extract and quantify
microbial content from human tissues (Rossmanith andWagner,
2011).The human microbiome is remarkably diverse, not only
among different individuals but also between anatomic sites
within a single host (Human Microbiome Project, 2012).

Differences in extraction methodology may lead to differences
in microbial identification due to differences in cell wall
structures and susceptibility of certain microbial species to
various lysis strategies. Different enzymes lead to variable cell
lysis efficiencies for different species (Yuan et al., 2012). Peptide
cross-links in peptidoglycan layers within cell walls determine the
extent to which some bacteria are more or less resistant to lysing
methods vs. mechanical ones (Moore et al., 2004; Lazarevic et al.,
2013). As such, there is no single “gold standard” by which to
determine microbial composition, especially for low-abundance
human biopsy samples from differing anatomic sites.

Most of the upper gastrointestinal (GI) tract, especially
the stomach, is a notoriously depauperate environment in
terms of microbial composition and diversity, as compared
to the oral cavity and the lower gastrointestinal tract. The
stomach is a particularly unique and challenging locale from
which to isolate and examine microbial constituents because
of increased acidity and mucus production, which generally
discourages microbial colonization. A number of methods are
described in the literature with varied results in diversity, species
selection and abundance (Wu et al., 2010; Yuan et al., 2012;
Crandall et al., 2016). Few studies to date have addressed the
optimal extraction methodology specifically for low-microbial
abundance clinical samples. Furthermore, due to cost and
efficacy, existing comparisons are predominantly based on
sequencing data of 16S rDNA conserved regions of bacterial
nucleic acids (Bik et al., 2010). It is unclear how extraction
methods affect observed microbial community structure and
downstream sequencing analyses, particularly with the advent of
whole genome sequencing (WGS) and metagenomic analyses.

This paper examines two microbial DNA isolation protocols
for human gastric, esophageal, and colorectal biopsies: a
mechanical disruption homogenization protocol and a prolonged
enzymatic lysis with lysozyme and proteinase K digestion. We
compared these two protocols in terms of microbial yield and
capture from low abundance anatomic sites by whole genome
analysis. From resulting qPCR and WGS data, we conclude
that the extraction methods appear similar when determining
overall community structure within low abundance gastric and
esophageal biopsy samples. Each method identified similar
bacterial populations, for example 26 out of the 36most prevalent
bacterial species identified byWGS could be detected using either
method. Theminimal differences observed in the other 10 species
were not in any generalizable fashion and mostly low abundance.
The homogenization method does result in higher bacterial
content than enzymatic lysis, resulting in higher bacterial read
counts, when undergoing WGS.

RESULTS

We examined a total of 17 biopsy samples from 12 patients,
including three gastric samples, four esophageal samples, five
colorectal cancer samples and five matching normal colon

tissue samples. DNA extracted from these samples, using either
the homogenization method or the lysis method, were then
compared using qPCR quantitation. Of these, five samples (e.g.,
three gastric and two esophageal samples) were further examined
by WGS.

qPCR Quantification of All Samples
We first evaluated the total bacterial content from different
tissues based on the qPCR quantification measured by
universal 16S rDNA primers (Figure 1). Gastric samples
had approximately a 10-fold lower bacterial abundance
than colorectal and esophageal tissue confirming previous
observations (Bik et al., 2006). Total bacterial content from both
protocols are highly consistent in most samples. Eleven out
of Seventeen samples show no significant difference between
qPCR quantification of two protocols by student t-test (p >

0.05). Although the total bacterial contents are different in six
samples (C233-Normal and Tumor, C244-Normal and Tumor,
C238-Tumor, and E756) when extracted using homogenization
vs. lysis method, no specific extraction protocol provided
consistently higher yields. This suggests both methods have
comparable efficiency in extracting bacterial DNA from human
tissue (Figure 1).

We then asked if there was a specific preference for either
method to extract the Gram-positive or Gram-negative clade.
To evaluate this, we used phyla-specific primers to evaluate the
extraction of three dominant bacterial phyla in the human GI
tract, namely Actinobacter (Gram positive), Firmicutes (generally
Gram positive), and Bacteroidetes (Gram negative) using each
method (Figure 2). In addition, we also quantified a specific
genus Fusobacterium which is a common bacterium in GI tract
albeit with low relative abundance. We assessed abundance of
each of the above-mentioned bacterial clade relative to total 16S
rDNA quantitation.

Consistent with low total bacterial content, we found low
relative abundance of Firmicutes as well as Fusobacterium in
all gastric cancer samples examined and this difference was
not significant between the two extraction methods. Whereas,
samples G005 and G011 showed significantly higher abundance
of Bacteroidetes using the lysis method, the homogenization
method yielded a higher Bacteroidetes proportion in sample
G008. We also found significantly different quantitation of
Actinobacter in all three gastric samples (p < 0.05), although this
difference was not consistently in favor of one method or the
other (Figure 2). In esophageal samples, we found no significant
difference in the relative abundance of Fusobacterium, Firmicutes,
or Actinobacter between the two extraction methods in any of
the samples. Only two out of four esophageal samples (E756 and
E758) showed a significantly higher abundance of Bacteroidetes
using the homogenization method which was also in contrast to
the lysis method that yielded higher abundance in gastric cancer
samples (Figure 2).

The colon tumor and normal samples demonstrated greater
variability in bacterial quantification (5 out 10 samples
differed significantly, p<0.05 by student t-test). Notably,
despite these differences in bacterial abundances, there was
no trend as to which extraction method would routinely
provide the greatest bacterial yield. For example, C233 tumor
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FIGURE 1 | qPCR quantifications of total bacterial content for all samples. The qPCR quantification of each experiment, including replicates, was plotted for each

sample with different colors to distinguish two protocols. The readouts of replicates from the same sample are highly consistent. The control samples with known

concentration also have been included in all experiments as the reference, demonstrating high accuracy for bacteria quantification. Six samples show significant

difference between qPCR quantification of two protocols by student t-test (with red * mark).

appears to have significantly greater total bacterial content
with the homogenization extraction method (Figure 1), with
significantly greater amounts of Fusobacterium (9 out of 10
colon samples were not significantly different for Fusobacterium)
(Figure 2) whereas the lysis method identified higher amounts
of Bacteroidetes. In contrast, the C233 normal tissue sample
seems to have greater bacterial content with the lysis extraction
method (Figure 1), whereas significantly more Bacteroidetes was
identified in this sample using the homogenization method and
no difference in quantitation of Fusobacterium. Moreover, none
of the colon normal and tumor pairs displayed any difference
in relative abundance of either Firmicutes, or Actinobacter
(Figure 2).While 7 out the 10 colon samples showed significantly
different values for Bacteroidetes quantitation, once again,
this difference wasn’t specific to a particular method of
extraction.

Overall, no specificmethod consistently provides higher yields
for either of above phyla/genus, and we found near equal
quantitation between two methods of most clades across all
three types of cancers. Of the 68 samples tested across four
different primer sets, 53 samples show no significant difference
in quantitation (p > 0.05).

Comparison of WGS Data and Microbial
Identification Between Two Protocols
We next quantified bacterial content by shallow WGS (10X
coverage of human genome) of the full DNA content of the
biopsy. Read counts and mapping rates to hg19 (95.773%
± 0.309) are comparable among all samples (Table S1). The
remaining reads after multiple steps for filtering human DNA are
used for microbial identification. The homogenization extraction
method yielded a greater proportion of reads that mapped
to bacterial species (3 of the 5 samples had a 2-fold or
greater proportion of bacterial mapped reads after filtering,
Table S1).

Overall, both methods were effective at capturing the most
prevalent bacterial species within the samples, for example

26 out of the 36 most prevalent bacterial species identified
by WGS could be detected using either method (cosine
similarity p < 0.001) (Table S2). Since the microbial content
in biopsy samples is generally low, there may be variable
species identification between samples collected from the same
patient. We summarized the identification results based on
taxonomic genus and order. Considering WGS involves more
experimental steps, we expected subtle differences in the
community structure from the two methods, and hence we used
bacterial absence/presence to measure the profile similarity for
the same sample between two different extraction methods. The
presence of microbiome at genus level from all five samples,
including esophageal tissue E765 and E757, Helicobacter pylori
negative gastric sample G005, and H. pylori positive gastric
samples G008 and G011 are all highly consistent between the
two extraction methods (cosine similarity p < 0.05) (Figure 3).
Although, as expected, the precise community structure and
abundances between the two methods were different, these
differences were specifically limited to the low abundance genus.
The homogenizing method was more effective in capturing
H. pylori, consistent with our previous studies in which the
homogenization method can identify the presence of H. pylori
in gastric mucosa of patients with either active or prior H.
pylori infection (Zhang et al., 2015). The prolonged lysis method
appears to identify Bifidobacterium sp. and Pantoea sp. to a
greater extent (Figure 3).

Overall, Gram-negative and Gram-positive bacteria
were represented by both extraction methods with similar
efficiency, with some subtle differences (Figure S1). For example,
Bacteroidales was detected at low fraction by homogenization
method in G008 but not in G011, whereas the detection was
inversed in the lysis method. Propionibacteriales is more readily
identified using the homogenization method which can yield
more reads and higher relative proportion in four out of five
samples. Other than Propionibacteriales, there are essentially no
other significant difference between any other clades cross all five
samples.
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FIGURE 2 | Comparison of relative abundance of Fusobacterium sp. and three phyla for all samples. We assessed abundance of each of the above-mentioned

bacterial clade relative to total 16S rDNA qPCR quantitation. Samples with significant difference between two protocols were marked with red *.

DISCUSSION

Study of the gut microbiome is of increasing importance

with numerous studies identifying the role of microbiota

in diseases such as cancer. Various protocols have been
employed by the scientific community to extract bacterial
DNA from human biopsies, which are then analyzed using
next generation sequencing methods. In order to ensure that

Frontiers in Microbiology | www.frontiersin.org 4 January 2019 | Volume 9 | Article 324620

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Zhang et al. Comparison of Microbiome DNA Extraction Methods

FIGURE 3 | Comparison of bacteria identified from WGS data for five samples at genus level between two extraction methods. Both the homogenization method and

the enzymatic lysis method can generate a similar set of microbial genus in all five samples (cosine similarity p < 0.05). Values represent percentage of bacteria reads

found in each sample.

such an analysis of the gut microbiome is not biased due
to the method of extraction, we analyzed and compared two
widely used DNA extraction protocols, namely the mechanical
disruption (homogenization) vs. the enzymatic lysis method.
Furthermore, to account for the vast diversity of the human
microbiome, it is important that such an analysis is performed
on human biopsies, as opposed to preclinical samples. In order
to realistically gauge the influence of a particular extraction
method on the complexity of the human gut microbiome, we
assessed 5 normal and 12 tumor samples across three different
cancer types including gastric, esophageal, and colon cancer.
Based on qPCR quantification, no single method consistently
generated higher total bacterial content. There were a total of
six samples that showed significant differences in the overall
bacterial content between the homogenization and the lysis
method, as assessed by absolute abundance of 16S rDNA
using qPCR quantitation. However, this difference was not in
favor of one particular extraction protocol. Moreover, it is
possible that these differences may be intrinsic, since different
regions of the same biopsy were used to extract DNA using
the two protocols. To account for these intrinsic differences,
we assessed abundance of three different phyla (Actinobacter,
Firmicutes, and Bacteroidetes) as well as Fusobacterium relative
to total 16S rDNA quantitation. Based on our qPCR results, no
single method consistently generated higher readouts for any
single clade across all samples. Our results therefore indicate
that either extraction method, homogenization or prolonged
lysis, can be successfully used to detect bacteria without
introducing a significant bias when examining bacteria by
qPCR.

We also performed WGS on these samples in parallel to
better understand the impact of the extraction method on
the bacteria community structure. Whole genome data from
gastric and esophageal biopsies did not reveal a significant
difference in overall community structure between extraction
methods. This is in concordance with studies examining
salivary samples and insect gut microbiota whereby 16S rRNA
gene amplicons are affected by extraction method but overall
community structure is not (Lazarevic et al., 2013; Rubin et al.,
2014). In our previous studies, we successfully employed the
homogenization method to assess the microbiome composition
in gastric mucosa of patients with no infection vs. prior or
active H. pylori infection (Zhang et al., 2015). Our current
analysis further validates that the results obtained previously
accurately reflect the predominant bacteria absence/presence in
the gastric mucosa, and was not skewed due to the choice
of extraction method. However, the relative abundances of
some clades do significantly differ by two different methods
(Figure S1) as we expected. Considering both read counts and
relative proportions, the homogenization extraction method
yielded notable higher quantity of Campylobacterales for only
sample G008 and Propionibacteriales for four out of five
samples. Unlike qPCR or 16S rDNA sequencing which are
only quantifying bacteria directly, WGS of biopsies contains
extremely high abundance of host DNA which makes bacterial
identification challenging (Zhang et al., 2015) and the results
very sensitive. Besides two different DNA extraction methods,
many other potential confounding factors could easily alter
the bacterial relative compositions of WGS, for example,
different sequencing batches, different commercial kits, and the
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microbiome from two split parts of biopsy might not be equally
distributed. Then figuring out the exact reasons leading to
the bacterial quantification differences between two extraction
methods will be very difficult, but even with those variances all
predominant clades can be detected by both methods and the
quantification of most clades are not in favor of one particular
method.

Gram-positive bacteria contain a single layer of peptidoglycan
in their cell wall whereas gram-negative organisms contain
an additional layer of lipopolysaccharide referred to as the
outer membrane. In order to determine, if gram-negative
vs. positive bacteria show differential susceptibilities toward
lysis or homogenization methods, owing to their different
cell wall composition, we compared bacterial yields using
qPCR quantitation of 16S rDNA from Actinobacter phyla
(gram positive), Firmicutes (generally gram-positive organisms)
and Bacteroidetes phyla (gram-negative organisms) relative
to total 16S rDNA quantiation. We found very similar
yields from Actinobacter as well as from other phyla,
irrespective of differences in their cell wall composition.
Together, our data suggest that both extraction methods
can be successfully employed in assessing the overall
microbiome composition and content in human biopsies
without skewing results due to the choice of extraction
method.

The homogenization extraction method does have some
favorable characteristics. As a standard protocol for human DNA
processing, the homogenizing method has been widely used in
many large-scale studies, including large scale cancer project
(https://cancergenome.nih.gov/). In our previous study, we
successfully retrieved the microbiome information from TCGA
samples with our computational pipeline (Zhang et al., 2015).
Although the prolonged lysis method might be the preferred
way to extract DNA in many microbiome projects (Mann et al.,
2014), in many clinical studies, small tissue biopsy samples
may not yield sufficient DNA for multiple experiments. For
example, separate tissues may be required for bothmetagenomics
analysis with the lysis method and host genomics analysis with
the homogenization method. In this study, we show that DNA
extraction by the homogenization method is comparable for
microbiome profiling as the prolonged enzymatic lysis method.
Thus, the homogenization method could allow us to assess
microbial and host genomics simultaneously from small clinical
biopsy specimens. In addition, the homogenizing method is a
faster and more cost-effective method than enzymatic lysis as
well as yields higher read counts in WGS. It is further possible
that other existing methods such as using a combination of
enzymes (lyticase, mutanolysin, lysostaphin) for enzymatic lysis
with bead beating process may increase the overall yield and
further diversify the community structure (Yuan et al., 2012;
Goldschmidt et al., 2014). However, our results suggest that the
most abundant bacterial species could still be identified using the
above two methods, even in low-bacteria tissue samples. Overall,
based on generally equivalent microbiome profiles, but greater
versatility for host genomic studies, the homogenizing method
on small clinical biopsies or samples with low-bacterial contents
for DNA extraction is likely to provide greater tissue utility.

MATERIALS AND METHODS

Sample Collection
This study was performed under one of two clinical tissue
acquisition studies approved by the Weill Cornell Medical
College Institutional Review Board (IRB). All participants
provided written informed consent for use of their tissue samples
in accordance with the declaration of Helsinki prior to study
enrollment. Patients were enrolled in one of two studies—
Weill Cornell Medical College Gastric Cancer and H. pylori
Research Database and Tissue Repository (IRB 1203012274),
and the NYPH-Weill Cornell Digestive Disease Registry (IRB
0908010582).

Colorectal Cancer Samples
A total of five colorectal tumor and matching normal pairs
were obtained from the colorectal cancer biobank supported
by the Translational Research Program at WCMC Pathology
and Laboratory Medicine. For each sample, 3–4 frozen cores
of 1.5mm diameter each were obtained. One core for each
of the samples was used for DNA extraction by either the
homogenization or the lysis method. The DNA was subsequently
used for qPCR and WGS studies.

Gastric Samples
Three gastric mucosal biopsy pairs were obtained from the
Weill Cornell Medicine Gastric Cancer Center and H. pylori
Research Database, a registry and tissue repository to examine
the natural history of H. pylori infection in patients with and
without gastric cancer. Gastric biopsy samples were sourced
from fundus or proximal body sections of the stomach from
patients without gastric carcinoma. Biopsies were obtained using
the Bard Precisor EXL R© coated disposable biopsy forceps (Bard
International, Murray Hill, NJ, USA) and were immediately
placed into individual sterile cryovials on dry ice and flash
frozen while still in the endoscopic suite. The samples were then
transferred to liquid nitrogen for prolonged storage.

Esophageal Samples
Esophageal cancer and pre-cancer tissue biopsies were sent
to us by our collaborators at University of Kansas School of
Medicine, Kansas City, KS. These biopsy samples were obtained
from the esophagus at about 2–3 cm above gastroesophageal
junction. Tissues were first stored in RNA later solution overnight
at 4◦C prior to freezing and were shipped to us on dry ice.
The DNA from the biopsies was then extracted either using
the homogenization method or the enzymatic lysis method as
described.

DNA Extraction
Non-paired biopsies from the same tissue were equally cut prior
to gDNA isolation to enable extraction using the two extraction
methods illustrated below.

Extraction Method 1: Homogenization (Mechanical

Disruption)
Frozen biopsy samples (∼3–5mg) were placed in a 2ml sterile
Eppendorf tube containing 350µl of RLT lysis buffer (Qiagen R©).
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Samples were then homogenized individually on ice for 20–
30 s using a pre-sterilized homogenizer (Pro250 R© Pro Scientific)
until tissue was uniformly disrupted. gDNA was subsequently
isolated according to manufacturer’s instructions from Qiagen
AllprepMicroDNA/RNAkit (Qiagen-Hilden, Germany). Briefly,
the homogenized lysate were loaded on Allprep DNA mini spin
column (Qiagen R©) and was centrifuged briefly at 10,000 x g
in a table top centrifuge. This step allows binding of DNA to
the column. After subsequent washing steps with buffers AW1
(Qiagen R©) and AW2 (Qiagen R©), DNA is eluted using the
elution buffer provided in the kit. Homogenizer was cleaned
and sterilized before and after each individual sample with
separate 15ml falcon tubes containing 10% bleach, 70% EtOH,
and RNAse/DNAse free sterile water.

Extraction Method 2: Enzymatic Lysis and Incubation
Frozen biopsy tissue (∼3–5mg) was placed in a 1.5ml centrifuge
tube and 180 µl of lysozyme (Gold Biotechnology Cat no: L-
040-10) (20 mg/ml stock concentration prepared in TE) was
added. Lysozyme was pre-warmed to 37◦C prior to its addition
to the sample. Samples were then incubated at 37◦C for 1 h.
Proteinase K (20 µl of 20 mg/ml stock concentration; Thermo
Scientific Cat no: EO0491) was added after the incubation. And
sample was incubated at 56◦C on a heat block and periodically
vortexed until complete lysis of tissue was observed (4–6 h).
Samples were then incubated in 200 µl Buffer AL from QIAamp
DNA Mini kit (Qiagen) for 30min at 70◦C before continuing
extraction using QIAamp DNA mini kit (Qiagen) according to
manufacturer’s instructions (Viljoen et al., 2015). Briefly, after the
30min incubation at 70◦C, sample was loaded on QIAamp DNA
spin column (Qiagen R©) and was centrifuged briefly at 10,000 x g
in a table top centrifuge. The column is then washed with buffers
AW1 (Qiagen R©) and AW2 (Qiagen R©) and DNA is eluted using
the elution buffer provided in the kit.

Quantitation and Quality Control
DNA concentrations and quality were measured using the
QubitTM dsDNA high sensitivity assay kit (Invitrogen R©) and a
QubitTM 2.0 Fluorometer (Life Technologies, Grand Island, NY,
USA).

To validate that the two kits used in the above two mentioned
protocols themselves did not contribute to any variation, we
re-extracted 1 µg of DNA from one of the gastric cancer samples
using Allprep DNA/RNAmicro kit as well as QIAampDNAmini
kit. This re-purified DNA from the two kits (5 ng each) was then
subjected to qPCR using the 16S rDNA gene primer set to check
for bacterial abundance. Furthermore, to prove that the columns
itself were not a source of any contamination, we performed
parallel purifications using water and subjected the eluate to
qPCR against the 16S rDNA gene primer set (Figure S2).

Real-time PCR (qPCR)
To corroborate total bacterial abundance (measured by
highly conserved 16S rDNA sequences) and Fusobacterium
sp. abundances, genomic DNA was initially analyzed via
qPCR. Reactions were carried out on a StepOne R© 48-well
thermocycler (Applied Biosystems). Primers used were FAM-
labeled Genesig R© 16S Eubacteria quantification primer/probe

set (Proprietary sequence-PrimerDesign R©) to determine total
bacterial composition and a custom FAM-MGB Fusobacterium
primer/probe (Applied biosystems) for Fusobacterium
quantitation: Forward: 5′–AAGCGCGTCTAGGTGGTTATGT-
3′; Reverse: 5′-TGTAGTTCCGCTTACCTCTCCAG-3′;
Probe:FAM CAACGCAATACAGAGTTGAGCCCTGCATT
(Martin et al., 2002). Phylla-specific primers used for detection
of organisms from Bacteroidetes were adapted from (Yang et al.,
2015) and those for Actinobacter and Firmicutes were adapted
from (Pfeiffer et al., 2014). All three of these primer sets have
been validated for both specificity and sensitivity toward each of
these phylla in these above-mentioned manuscripts.

Real-time PCR reactions were performed in triplicate on
MicroAmp R© fast-optical 48 well (0.1ml) reaction plates
(Applied Biosystems). Each reaction contained 1–2 µl template
DNA, 0.5ul of 20X ABI primer/probe assay, 5µl Taqman R©Gene
Expression Mastermix (Applied Biosystems), and RNase/DNase
free water to a total volume of 10 µl

Cycling conditions included an initial denaturation at 50◦C
for 2min and 95◦C for 10min followed by 40 cycles of 95◦C for
15 s and 60◦C for 1min.

Absolute quantification was performed using a standard
reference curve and controls prepared using known
concentrations Escherichia coli gDNA (ATCC R©) for 16S total
quantitation and Fusobacterium nucleatum gDNA (ATCC R©

Strain VPI-4355) for Fusobacterium sp. quantitation.

Whole Genome Sequencing (WGS)
Genomic DNA (200–500 ng) was submitted from each sample
to the Weill Cornell Medicine Epigenomics Core for library
preparation and subsequent WGS using an Illumina TruSeq
DNA-seq R©DNA sample preparation kit and the Illumina HiSeq
2500 R© platform. Each sample was sequenced on a single flow
cell lane as 50-bp paired-end reads at roughly 10x coverage
to Human genome. Homopolymers, adapters and distribution
of base quality of raw sequences from each sample were
investigated using FastQC (version 0.10.1). In order to estimate
the potential contaminations from experiment, two control
samples containing only RNase/DNase free water went through
two extraction procedures along with biopsies samples, and
were similarly sequenced as the clinical samples. There were no
bacteria detected by either qPCR or WGS in those two control
samples.

Computational Pipeline for Bacterial
Identification
The bacterial content of each WGS sample was identified with
our in-house computational pipeline (Zhang et al., 2015), which
is designed to quantify microbiome from WGS data of small
clinical sample with following steps:

1) Filtering human DNA: All reads fromWGS data were aligned
to corresponding Human DNA databases with four different
aligners (BWA, RepeatMasker, BLAST, MegaBlast) step by
step. Any reads mapped to Human DNA databases were
removed and the remaining reads were used as the input for
bacteria identification.
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2) Mapping to bacterial genomes: 1,421 non-redundant bacterial
genomes were collected from NCBI. Bowtie2 was used as the
aligner to map the read to each bacterial genome, and each
read was labeled as either uniquely mapped, unmapped or
ambiguous (multiple genomic mapping).

3) Genome coverage evaluation: For any bacteria withmore than
ten uniquely mapped reads we compute a genomic coverage
measure to further remove false identifications.

4) Calculating the relative abundance: Based on the identified
bacteria from step 3, we applied a Bayesian statistical
framework to assign all mapped reads to the most probable
bacterial source genome (Wood and Salzberg, 2014). Finally,
the relative abundances of bacteria were calculated for each
sample.

Statistical Analyses
In qPCR data analysis, to determine the total bacterial
content difference in particular sample between two extraction
methods, we calculated absolute[log2(Homogenization qPCR
readout/Lysis qPCR readout)] for each experiment and each
sample individually, and then performed a one-tailed one-
sample t-test with H0: µ < 2 across all samples. Statistical
significance was defined as p ≤ 0.05. For each particular
phyla/genus, we assessed relative abundance difference between
two extraction methods, and then performed a one-tailed one-
sample t-test with H0: µ < 1% across all samples. Statistical
significance was defined as p ≤ 0.05. For WGS data, cosine
similarity was applied to measure the similarity of microbiome
absence/presence detection between two extractionmethods, and
corresponding permutation test was used to evaluate statistical
significance (Smirnov et al., 2016).
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homogenization protocol and the QIAamp DNA mini kit (Qiagen) that was
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rDNA primer set is represented. The two different kits used with two different

extraction protocols themselves did not contribute to any differences as

demonstrated by equal abundance of bacterial DNA in the sample re-extracted

using the two kits.

Table S1 | Mapping statistics of WGS samples.

Table S2 | Species-level identification results of WGS samples.
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Bacteria are highly social organisms that communicate via signaling molecules and can
assume a multicellular lifestyle to build biofilm communities. Until recently, complications
from biofilm-associated infection have been primarily ascribed to increased bacterial
resistance to antibiotics and host immune evasion, leading to persistent infection. In
this theory and hypothesis article we present a relatively new argument that biofilm
formation has potential etiological role in the development of digestive tract cancer.
First, we summarize recent new findings suggesting the potential link between bacterial
biofilm and various types of cancer to build the foundation of our hypothesis. To date,
evidence has been particularly convincing for colorectal cancer and its precursor, i.e.,
polyps, pointing to several key individual bacterial species, such as Bacteroides fragilis,
Fusobacterium nucleatum, and Streptococcus gallolyticus subsp. Gallolyticus. Then, we
further extend this hypothesis to one of the most common bacterial infection in humans,
Helicobacter pylori (Hp), which is considered a major cause of gastric cancer. Thus far,
there has been no direct evidence linking in vivo Hp gastric biofilm formation to gastric
carcinogenesis. Yet, we synthesize the information to support an argument that biofilm
associated-Hp is potentially more carcinogenic, summarizing biological characteristics
of biofilm-associated bacteria. We also discuss mechanistic pathways as to how Hp or
other biofilm-associated bacteria control biofilm formation and highlight recent findings
on Hp genes that influence biofilm formation, which may lead to strain variability in biofilm
formation. This knowledge may open a possibility of developing targeted intervention.
We conclude, however, that this field is still in its infancy. To test the hypothesis
rigorously and to link it ultimately to gastric pathologies (e.g., premalignant lesions and
cancer), studies are needed to learn more about Hp biofilms, such as compositions and
biological properties of extracellular polymeric substance (EPS), presence of non-Hp
microbiome and geographical distribution of biofilms in relation to gastric gland types
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and structures. Identification of specific Hp strains with enhanced biofilm formation
would be helpful not only for screening patients at high risk for sequelae from Hp
infection, but also for development of new antibiotics to avoid resistance, regardless
of its association with gastric cancer.

Keywords: Helicobacter pylori, biofilm, persistent infection, cancer, virulence

INTRODUCTION

Over the past two decades, it has been increasingly appreciated
that bacteria present in most biological systems exist in biofilms,
which are defined as matrix-enclosed microbial accretions
adhering to biological or non-biological surfaces and to each
other (Hall-Stoodley et al., 2004; Gabrilska and Rumbaugh,
2015; Flemming et al., 2016). Biofilm formation is a key
factor for survival in diverse environments and is viewed as
an ancient and integral component of the prokaryotic life
cycle, as researchers found biofilm formation early in fossil
records (∼3.25 billion years ago) (Hall-Stoodley et al., 2004). In
biofilms, unicellular bacteria assume a temporary multicellular
lifestyle through prolific intercellular interactions, both social
and physical, immersing in a complex and specialized matrix
formed by both the bacteria and the host (Kostakioti et al., 2013;
Watters et al., 2016). These group behaviors represent a microbial
social support system to foster survival in hostile environments,
share limited resources, favor long-term persistent colonization
and maintain the ability to colonize to new niches (Hall-
Stoodley et al., 2004; Majumdar and Pal, 2017). Accordingly,
this specific mode of living provides strong fitness advantage
to biofilm-associated bacteria compared to their planktonic
counterparts (Gabrilska and Rumbaugh, 2015; Liu et al.,
2016). In particular, biofilm-associated bacteria exhibit increased
resistance to chemical disinfectants, antibiotic therapies and
human immune responses and thus are associated with long-term
persistence (Elias and Banin, 2012; Kostakioti et al., 2013). The
self-produced extracellular polymeric substance (EPS) matrix,
which is typically composed of polysaccharides, carbohydrate-
binding proteins, lipids, extracellular DNA (eDNA), pili, flagella,
and other adhesive fibers (Kostakioti et al., 2013; Flemming et al.,
2016), plays an important role in antibiotic resistance, enhanced
horizontal gene transfer as well as altered gene expressions within
the biofilm community, which results in enhanced bacterial
virulence (Elias and Banin, 2012; Madsen et al., 2012; Flemming
et al., 2016). Furthermore, it has been described that some
extracellular pathogens adopt intracellular lifestyle through the
formation of bacterial communities with biofilm-like properties,
enabling them to persist inside the host cells (Kostakioti et al.,
2013). Thus, these biofilm-associated infections in humans on
both abiotic (medical devices) and biotic surfaces (e.g., gum,
heart valves, lungs, etc.) pose significant challenges to the medical
community (Costerton et al., 1999; Hall-Stoodley et al., 2004;
Kostakioti et al., 2013).

Chronic inflammation, often caused by chronic microbial
infection, has been decisively linked to several stages of
carcinogenesis (Grivennikov et al., 2010; Armstrong et al., 2018).
A recent estimate also suggests that about 15% of worldwide

incident cases of cancer are attributable to chronic infection
(Plummer et al., 2016). As discussed above, one way for bacteria
to achieve persistent colonization in the hosts is to form
biofilms. Despite well-established causal links between certain
infectious agents, such as Helicobacter pylori (Hp), and cancer
(Plummer et al., 2016), knowledge concerning the association
between bacterial biofilm formation and cancer development
has been sparse.

Despite the well-founded association between persistent Hp
infection and gastric carcinogenesis and growing knowledge
concerning unique properties of biofilm-associated bacteria,
little is known about biological consequence of Hp in vivo
biofilm formation beyond antibiotic resistance. In the subsequent
sections, we present our hypothesis that biofilm formation
has potential etiological role in the development of digestive
tract cancer, which may be particularly relevant to infection-
associated cancer, such as Hp-induced gastric cancer. We
synthesize recent new findings suggesting the potential link
between bacterial biofilm and various types of cancer, as well as
the information to support an argument that biofilm associated-
Hp is potentially more carcinogenic. We also discuss technical
details and challenges in Hp biofilm studies to aid interpretation
of the results from various different experimental platforms and
designing future studies and highlight recent findings on Hp
genes and virulence factors that influence biofilm formation.

EVIDENCE TO SUPPORT POSSIBLE
LINKS BETWEEN BIOFILM FORMATION
AND HUMAN CANCER

Recently, a group from Johns Hopkins University in the US
published a series of studies addressing the potential link
between biofilm-associated bacteria and colorectal cancer and
its precursor, i.e., polyps. The investigators found more frequent
polymicrobial biofilm formation in colorectal mucosa of the
patients with colorectal cancer or adenoma, compared with
that of control subjects who had negative findings at screening
colonoscopy. This phenomenon was striking for the right sided
tumors compared to left sided lesions (Dejea et al., 2014;
Drewes et al., 2017). Importantly, biofilms were present not only
on tumors but also at normal surgical margins. Furthermore,
biofilm formation was associated with diminished epithelial cell
E-cadherin, enhanced IL-6 and Stat3 activation, and increased
crypt cell proliferation in normal mucosa (Dejea et al., 2014).
The subsequent analysis revealed that these tumor-associated
biofilms were enriched with Bacteroides fragilis (Bf) and several
periodontal pathogens, including Fusobacterium nucleatum
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(Fn) and Peptostreptococcus stomatits, and accompanied with
altered functions, compared to those in planktonic bacteria,
e.g., increases in cytoskeletal proteins, peptidoglycan (PG)
biosynthesis and sporulation, and a decrease in flagellar assembly
(Drewes et al., 2017). Biofilms were detected also in colorectal
mucosa of genetically predisposed individuals, i.e., familial
polyposis coli patients, regardless of the locations at the
colorectum, but their appearance and composition were different
(Dejea et al., 2018). They were rather patchy (as opposed
to continuous as observed for sporadic cases) and primarily
composed of Bf and polyketide-peptide genotoxin producing pks
island positive Escherichia coli, with little periodontal pathogens
(Dejea et al., 2018). It was also reported previously that Bf was
the main component of inflammatory bowel disease-associated
biofilms (Swidsinski et al., 2005).

Another piece of corroborative information arises from
growing recognition of the association between oral microbiome,
specifically Fn, and colorectal cancer (Sun and Kato, 2016), which
was predominantly observed for proximal colon tumors (Hussan
et al., 2017). Fn is a normal residential member of dental plaques
(biofilms) and well-known periodontal pathogen (Larsen and
Fiehn, 2017). Fn is considered to be a co-aggregation expert,
with an ability of co-aggregating with a broad range of bacteria,
nearly all bacterial species involved in oral plaque formation
(Kolenbrander et al., 1989; Allen-Vercoe et al., 2011), a very
important property in biofilm formation. Moreover, Fn can bind
to and transport otherwise non-invasive bacterial species into
host cells, acting as a shuttle in this respect (Edwards et al.,
2006). Fn produces outer membrane vesicles (OMV) to facilitate
coaggregation and isolated OMVs alone have been shown to
exert an equivalent ability to coaggregate other bacteria compared
to whole bacterial culture (Kinder and Holt, 1993). OMV
production appears to depend on external stimuli and resulting
changes in biofilm formation are strain-specific (Musrati et al.,
2016). In this context, the putative association with colorectal
cancer may be a function of the microbes that Fn gathers in
its biofilms, rather than a direct effect of its own virulence. In
fact, Flemer et al. (2018) more recently reported that several
microbes commonly found in oral biofilms were enriched in
colonic mucosa from colorectal cancer patients. Finally, Fn has
recently found to be one of the gut microbes linked to pancreatic
cancer (del Castillo et al., 2019), although little has been known
about biofilm formation in the pancreatic ducts.

Moreover, growing evidence suggest a link between colorectal
cancer and Streptococcus gallolyticus subsp. Gallolyticus (SGG),
formerly known as S. bovis, an opportunistic pathogen causing
biofilm-associated infections, e.g. infective endocarditis on
cardiac valves (Boleij et al., 2010, 2012; Sun and Kato, 2016;
Butt et al., 2018; Jans and Boleij, 2018). Martins el al. have
revealed that this bacterium exploits Pil3 pilus for adhesion
to colonic mucus and for colonization of mouse distal colon
(Danne et al., 2011; Martins et al., 2016), while Pil1 pilus
allows S. gallolyticus to bind to collagen type I and plays a
role in biofilm formation (Danne et al., 2011; Martins et al.,
2016). Pil3 pilus has been shown to bind not only to human
colonic mucins and to human stomach mucins, but also to
human fibrinogen (Martins et al., 2016). Accordingly, both

pilus proteins play an important role in biofilm formation.
Binding to fibrinogen is also known to contribute to increased
biofilm formation in other Streptococcus species (Bedran et al.,
2013). Comparative genomics of 8 SGG strains form human
blood and feces recently revealed that complete pil1-3 loci
are only present in virulent strains, causing bacteremia and/or
endocarditis translocated through impaired mucosal barrier,
while other fecal SGGs do not carry these full pil1-3 loci (Jans
and Boleij, 2018). Interestingly, several epidemiological studies,
including our own, have found that individuals who express
high antibody titers to several S. gallolyticus pilus proteins have
increased risk of colorectal cancer (Boleij et al., 2012; Butt et al.,
2016; Butt et al., 2018).

Gallbladder is another potential niche where bacteria can form
biofilm. In fact, certain strains of Salmonella typhi are known
to produce biofilms on the surfaces of cholesterol gallstone
(Crawford et al., 2010; Gonzalez-Escobedo and Gunn, 2013),
which is in support of the known etiological link between the
carriages of S. typhi and gallstones and the development of
gallbladder cancer (Di Domenico et al., 2017).

Gastric lumen is one of the most hostile environments
in human body, which kills many bacteria within a few
minutes. Hp survives in this environment with its urease activity
that neutralizes gastric acid (Abadi, 2017), whereas biofilm
formation may be more vital for its persistent colonization.
Surprisingly, to date, little has been known about in vivo biofilm
formation on human gastric mucosa. Three pioneer studies
employed high powered electron microscope and demonstrated
dense clusters of Hp (Carron et al., 2006; Coticchia et al.,
2006; Cellini et al., 2008), primarily in coccoid forms, which
are known to be viable but non-cultivable (Cellini, 2014;
Percival and Suleman, 2014). It is interesting to note that Hp
isolated from gastric cancer patients is often non-cultivable,
despite the fact that the bacteria are detectable by other
methods (i.e., PCR or histology), and that coccoid forms
have been indeed more frequently found in gastric mucosa of
gastric cancer patients than in that of peptic ulcer patients
(Chan et al., 1994).

EVIDENCE TO SUPPORT Hp ABILITY IN
IN VITRO AND IN VIVO BIOFILM
FORMATION

In vitro Abiotic Models
In 1999, Stark et al. (1999) reported the formation of biofilm
by Hp in a continuous culture of Hp NCTC 11637 in Brucella
broth supplemented with B-cyclodextrin and glucose in a glass
fermentor. Hp formed a biofilm containing polysaccharides at
the air-liquid interface. Later, Cole et al. (2004) and Bellack
et al. (2006) described the progression of biofilm formation with
clinical isolates of Hp showing that all strains tested were able to
form biofilm at the air-liquid interface on a glass surface, although
Hp biofilms have also been detected by molecular methods on the
surface of environmental water supply system. Further studies
have clarified that biofilms are not simply passive aggregates of
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cells attached to a surface, but they do complex communitarian
functions and should be considered as biological systems.

The ability of in vitro biofilm formation by Hp has been
described in several systems. These studies have demonstrated
important differences in the in vitro growth conditions of
the bacteria and in the abiotic surfaces used in the assay.
Microtiter polystyrene plates are the most commonly-used
substrate (Azeredo et al., 2017). The biomass attached to the
surface of the wells and the formed biofilm is quantitated by
staining with violet crystal (Wilson et al., 2017). Yonezawa et al.
(2009) observed biofilm formation at the air-liquid interface of
microtiter plates. More specific pieces of information regarding
the structure of Hp biofilms in vitro on abiotic surface have
also been made available by use of scanning electron microscopy
(SEM) (Queralt and Araujo, 2007; Yonezawa et al., 2009, 2013).
These include Hp morphological changes associated with biofilm
formation in an aquatic culture model as well as how culture
conditions and nutrient supply affect biofilm density, structures
and abundance of OMVs. It is worth noting that OMVs have
been found to enhance oxidative stress and genomic damages
to host cells and thus possess carcinogenic potential in in vitro
culture systems (Chitcholtan et al., 2008). Using transmission
electron microscope analysis (TEM), Grande et al. demonstrated
the presence of eDNA, which was associated with OMVs and
plays a role in Hp aggregation (Grande et al., 2015).

To demonstrate the interaction of bacteria and the role of
cellular appendices in the formation of biofilm using SEM, we
cultured Hp on glass cover slips for 48 h in RPMI medium (JT,
MC, and J Girón, unpublished results). We observed a dense
growth of bacteria attached to the substrate (Figure 1A), with an
extensive expression of flagella. The images suggest that flagella

might have a role in both, adhesion to the substrate and in the
interaction between bacteria (Figures 1A,B). Images also show
a high formation of smaller pili by bacteria forming the biofilm
(Figure 1C). The role of flagella and other pili in the formation of
biofilm has been well documented in other bacteria (Belas, 2014;
Maldarelli et al., 2016; Zeng et al., 2017).

In vitro Biotic Models
Hp forms biofilms not only on abiotic surfaces, but also on
biotic surfaces. Human cell lines may mimic the in vivo cell
behavior and can be used for ex vivo biofilm assays. Ex vivo
models also include biofilm growth on natural tissues in a
minimally altered environment, offering more strictly controlled
experimental conditions than those of in vivo models, which
allows more detailed studies. The ex vivo models also facilitate
studies of biofilm association with virulence, or therapeutic assays
for experimental antibiofilm treatments and biofilm inhibition
(Salas-Jara et al., 2016; Magana et al., 2018).

One environmental condition to which Hp is reactive
is the endogenously produced quorum-sensing molecule
autoinducer-2 (AI-2) that Hp senses as a chemorepellent.
Anderson et al. (2015) studied the role of AI-2 chemotactic
responses during Hp biofilm formation on biotic and abiotic
surfaces. In the biotic assay, they adapted an in vivo model,
with conditions similar to those previously described (Tan
et al., 2011) using polarized Madin Darby canine kidney
(MDCK) epithelial cells seeded onto a transwell filter.
Experimental inoculation of Hp strains resulted in the
formation of microcolonies on MDCK monolayers, in an
AI-2 chemotaxis- dependent manner; similar results were
observed in an abiotic model. Salas-Jara et al. (2016) evaluated

FIGURE 1 | Scanning electron microscopy of Hp strain ATCC 43504 biofilm on a glass substrate. A bacterial suspension of 3 × 108 CFU/ml in Brucella broth was
applied to a glass slide in a 24-well plate, incubated, dried, fixed with methanol and processed for SEM, (a) Images showing flagella probably adhering to the
substrate; (b) possible bacteria-bacteria interaction with the flagella; (c) pilli produced by H. pylori during biofilm formation. Red bars in (a,c) indicate approximately
three-micrometer scale.
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biofilm formation of two probiotic strains, L. fermentum
UCO-979C and L. casei Shirota, on the surfaces of two
gastrointestinal cell lines, AGS and Caco cells. Sterile
glass coverslips were placed in a 24-well polystyrene plate.
The coverslips were treated with poly-L-lysine at 1 mg
ml−1 to improve cell adhesion. Subsequently Lactobacillus
strains were inoculated and the highest biofilm density
was observed 12 h later. The biofilm formed by either
L. fermentum UCO-979C or L. casei Shirota strains inhibited
the adherence of Hp ATCC 43504 to both cells lines. SEM
images of the formed biofilms are shown in their paper
(Salas-Jara et al., 2016).

In vivo Biofilm Formation in Animals
A recent study evaluated the potential of isolates of Hp to form
biofilm in the stomach of C57BL/6J mice model. Mice were
infected through gastric gavage with 108 UFC of Hp strain.
Infected mice were examined after 1 and 2 weeks. One week after
the last challenge, the mice were sacrificed. For examination, the
stomachs were removed and fixed in 4% paraformaldehyde (PFA)
and Hp biofilm was demonstrated by immunofluorescence and
SEM (Attaran et al., 2016).

Detection of Biofilm-Associated Hp in
Human Gastric Mucosa
The first evidence of biofilm formation by Hp during colonization
in human gastric mucosa was photographic documentation
by Carron et al. (2006). Using endoscopically obtained biopsy
specimens and SEM analyses, they demonstrated the presence
of dense mature biofilm-associated bacteria, attached to the
cell surface of Hp-positive specimens. Hp-negative specimens,
in contrast, had smooth mucosa with little evidence of
a bacterial community (Carron et al., 2006). SEM also
was used to quantify bacterial biofilm density on human
gastric mucosa. Among patients with peptic ulcer disease,
surface area covered by biofilms was 97.3% in Hp-positive
patients, as compared to only 1.64% in Hp-negative patients
(Coticchia et al., 2006).

To assess the biofilm-associated Hp in gastric biopsy
specimens it is necessary to use methods other than
routine ancillary stains, such as immunohistochemistry and
fluorescence in situ hybridization (FISH). Preservation of
three-dimensional structure is critical in order to analyze
the spatial organization of the gut microbiota relative to
mucin, host tissue and luminal contents (Hasegawa et al.,
2017). Therefore, one of the crucial steps for gastrointestinal
pathological laboratory is the fixation and embedment.
The most common fixative is formaldehyde, an aqueous
fixative, but several authors report that this fixative results
in collapse or loss of the mucus layer and a widely used
protocol is to process samples with non-aqueous Carnoy
fixation to preserve the mucus layer for detection of bacteria
adherent to the mucosal surface (Swidsinski et al., 2005;
Johansson and Hansson, 2012). Johansson and Hansson
(2012) observed a thick inner mucus layer firmly attached
to the intestinal epithelia in non-aqueous Carnoy fixative,

in contrast with a thin streak of collapsed mucus of less
than 1 µm on the same tissue processed with formaldehyde
fixative. Using confocal microscopy, Hasegawa et al. (2017)
compared preservation of three-dimensional structure of
four different embedding media: paraffin wax; polyester
wax; optimal cutting temperature (OCT) compound; and
glycol methacrylate resin. They conclude that hydrophobic
embedding materials as paraffin require organic solvents
to remove embedding resin and redistribution, collapse or
loss of luminal contents could have occurred. In summary,
although all of the examined embedments were capable of
producing two-dimensional images, only glycol methacrylate
resin enabled both retention and visualization of the three-
dimensional luminal distribution of bacteria and food particles
(Hasegawa et al., 2017).

The gastric surface mucous cells and gland mucous cells
express secretory mucins, MUC5AC and MUC6, respectively.
On the other hand, aberrant expression of the secretory
mucin MUC2 in gastric mucosa is closely related to intestinal
metaplasia and intestinal goblet cells (Ho et al., 1995; Reis
et al., 1999; Babu et al., 2006; Matsuda et al., 2008). Hp
may inhibit MUC5AC expression by the human gastric
epithelium, and thus facilitate colonization. In contrast,
increased MUC6 expression may help inhibiting colonization
due to its antibiotic properties (Niv, 2015). FISH combines
the molecular identification of bacteria with the direct
visualization of the bacteria and the mucosa, which provides
a significant advantage over culture, PCR, and histological
methods alone (Swidsinski et al., 2005). Hasegawa et al. (2017)
evaluated microbial FISH and two mucus labeling methods
simultaneously to visualize microbial cells and host-derived
mucus in intestinal sections following both Carnoy and PFA
fixation and embedded in methacrylate or paraffin. Mucus
was visualized with a fluorescent wheat germ agglutinin
(WGA) and by indirect immunofluorescence using a primary
antibody raised against mouse colonic mucin and both fixation
methods allowed the visualization of intestinal mucus layers
(Hasegawa et al., 2017).

We attempted to obtain additional evidence of Hp biofilm
formation in human gastric mucosa fixed in Carnoy, using
FISH and confocal laser scanning microscopy (CLSM). We
showed that Hp colonization is not limited to the surface
of the human gastric glands, but can colonize deep in the
glands, particularly in the region of the neck where cells
are in constant proliferation and interestingly, also at the
bottom of the glands, in intimate contact with the stem cells
(Sigal et al., 2015). The identification of colonization of niches
deep in the glands was possible because we studied large
pieces of stomach coming from patients subjected to bypass
surgery for control of weight. Using the same approach, we
have confirmed the ability of Hp to form large aggregates
suggestive of biofilm formation in the surface of the glands
(Figure 2A), in the neck in close contact with proliferative
cells and deep in the glands (Figure 2B), in the vicinity of
stem cells (Figure 2C). In these studies, Hp was stained with
antibodies specific to the bacteria, and confirmed the observed
in vivo microbial aggregates were formed exclusively by Hp.
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FIGURE 2 | In vivo evidences suggestive of biofilm formation by H. pylori in the gastric glands of humans. (a) Large aggregates of H. pylori colonizing the surface of
gastric glands; (b) H. pylori aggregates colonizing the neck of gastric glands, with proliferative cells; (c) colonies of H. pylori deep in the gland, in the vicinity of stem
cells. H. pylori in green, actin in red and DNA nucleus in blue.

However, it was not determined whether these aggregates were
embedded in host mucins, bacterial EPSs or their combination.
The challenge still remains to study the nature of the biofilm
formation by Hp in vivo, in the gastric mucosa of humans
and its role in the decades-lasting persistent colonization. The
mechanisms of interaction of this biofilm-communities with
the gastric mucosa at different niches in the glands may
help us understand why in a few cases (<2%) the outcome
of this interaction may be a severe disease such as gastric
cancer. In particular, our observation of large aggregates of
Hp growing in intimate contact with stem cells raises the
possibility of damage to these cells as a result of direct interaction
with the bacteria.

Quantification of Mucosal Biofilms in
Clinical Specimens
Quantification of mucosal biofilm bacteria is rather complex,
and it has been performed almost exclusively for gut mucosal
biofilms (Swidsinski et al., 2005; Dejea et al., 2014), Swidsinski
et al. defined three distinct microscopic fields of the biofilm:
(1) adherent bacteria (±1 µm of the epithelial border); (2)
mucus-scattered bacteria present within mucus next to the
epithelial surface; and (3) mucus ceiling bacteria present in
the outer portions of the mucus, at least 10 µm away from
the epithelial surface, and found marked increases in fields (1)
and (3) for patients with inflammatory bowel disease, using
several arithmetic assumptions (Swidsinski et al., 2005). Their
data suggest that the average biofilm density in healthy gut
mucosa is in a range of 1–5 × 108 per ml (Swidsinski et al.,
2005; Dejea et al., 2014), which reflects the fact that the
inner mucus layer of normal human colon is impenetrable to
bacteria (Matsuo et al., 1997; Johansson et al., 2008; Johansson
et al., 2014). This number in healthy gastric mucosa may
be even lower due to the high acidity, but to date, exact
quantitation of in vivo biofilm in human stomach is lacking.
We would need adjustment to the mathematical formula and
bacterial probes used for gut biofilms in order to quantify Hp
gastric biofilm.

GENETIC REGULATORY PATHWAYS OF
Hp BIOFILM FORMATION

Candidate Genes Involved in Biofilm
Formation
Yonezawa et al. (2010) and Wong et al. (2016) report substantial
Hp strain variability identifying strong biofilm producers and
poor biofilm producers in both reference strains as well as clinical
isolates. These strain differences are likely to reflect variability
in bacterial genes involved in biofilm formation and may be
important for targeted intervention to reduce consequences from
such infection. Existing literature suggests that three essential
traits are required for bacteria to form and grow in biofilm in vivo:
(1) inter-bacterial communication, (2) coordinated movements,
and (3) aggregation. Furthermore, genes that control bacterial
shape to fit biofilm environment may have an additional role in
biofilm formation and maintenance.

Inter-bacterial communication is mediated through quorum
sensing (QS) system, which is mediated by production and
release of chemical signaling molecules in response to cell density
and other physiological conditions (Elias and Banin, 2012; Gölz
et al., 2012; Majumdar and Pal, 2017). These signaling molecules
alter the expression of bacterial QS dependent genes to induce
bacterial phenotype changes in virulence, motility, chemotaxis
and biofilm formation, thus contributing to adaptation and
colonization to the host (Elias and Banin, 2012; Gölz et al.,
2012; Majumdar and Pal, 2017). To date, multiple systems based
on different groups of molecules have been identified, some
very bacteria-specific and others more general. Among those,
signaling molecules called autoinducers (AI), AI-2 system, are
most universally used by many bacteria, including Hp (Elias
and Banin, 2012; Gölz et al., 2012; Majumdar and Pal, 2017).
Another molecule produced by multiple bacterial families is
N-acylhomoserine lactone (AHL) (He and Zhang, 2008; Elias
and Banin, 2012; Papenfort and Bassler, 2016), although there
have been no data to support that Hp utilizes the AHL-based
QS. The other group of molecules more recently discovered
is termed diffusible signal factor (DSF) that consists of fatty
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acids of various chain lengths and branching and is known to
be used by several groups of bacteria (He and Zhang, 2008;
Elias and Banin, 2012; Papenfort and Bassler, 2016). One well-
characterized DSF is 2-(Z)-tetradecenoic acid (TDA) produced
by the xylem-limited plant pathogen Xylella fastidiosa (Ryan and
Dow, 2011; Ryan et al., 2015). Recently, Yamashita et al. reported
two self-growth-inhibiting compounds in Hp and one of them
was identified as 7-(Z)-TDA (Yamashita et al., 2015). Although
it has not been reported as a DSF, 2-(Z)-TDA is a positional
isomer of 7-(Z)-TDA. Thus, 7-(Z)-TDA probably also acts as a
signaling molecule to control the cell density of Hp. Currently,
it is not known which Hp genes are responsible for synthesizing
this compound. There are no other Hp-specific QS molecules
characterized thus far. Several studies have also revealed that
signaling pathways induced by QS molecules are followed by the
phospho-relay cascade transmitted from the membrane-bound
receptors to the cytosolic second-messenger system (Bharati
and Chatterji, 2013; Wolska et al., 2016; Jakobsen et al., 2017).
Second messengers based on mono (cAMP and cGMP) and
di-cyclic or modified nucleotide (ppGpp, c-di-GMP and c-di-
AMP) play a crucial role in transmitting the signals received from
the surface receptor to the target molecule in the cell. Cyclic
dimeric guanosine monophosphate (c-di-GMP) has evolved as a
key activator of biofilm formation in almost all bacteria (Römling
and Balsalobre, 2012; Bharati and Chatterji, 2013; Wolska et al.,
2016; Jakobsen et al., 2017). c-di-GMP is synthesized by the
GGDEF domain proteins and degraded by the unrelated EAL
and HD-GYP domain proteins. The c-di-GMP signaling network
is the most complex secondary signaling system found in
bacteria with more than 100 c-di-GMP-metabolizing proteins
in some species. This signaling network is especially prominent
in γ-Proteobacteria, including the major human pathogens
Pseudomonas aeruginosa, Salmonella typhimurium, Escherichia
coli, and Vibrio cholerae, but little is known about this network
in Hp (Römling and Balsalobre, 2012).

After bacteria reach a suitable niche to live, guided by
chemotaxis, bacterial congregation requires adhesive materials,
known as EPS. EPS are mostly produced by bacteria and consist
of polysaccharides, proteins, enzymes, nucleic acids, lipids, other
biopolymers, extracellular bacterial structures such as flagella,
pili, fimbriae, and OMV (Flemming and Wingender, 2010).
Interestingly, in contrast to many other bacteria, proteins appear
to be the central player in Hp biofilm matrix (Windham et al.,
2018). Recent studies also indicate that these three processes
are not only controlled by Hp protein-coding genes, but also
by a number of non-coding small regulatory RNAs (Mika and
Hengge, 2013; Fazli et al., 2014; Bak et al., 2015; Wolska
et al., 2016). Finally, it is also noteworthy that host molecules
may contribute to EPS and host-bacterial co-aggregation.
Specifically, secretory immunoglobulin A (IgA) has been shown
to facilitate biofilm formation by normal gut flora in human
tissue culture and by Escherichia coli in an intestinal cell line
(Randal et al., 2003), as well as in a mouse model mono-
infected with commensal Bacteroides fragilis (Donaldson et al.,
2018). Interestingly, a higher systemic IgA response has been
reported in mice infected with a high biofilm producing Hp
than in those infected with low biofilm producing Hp strain,

although mucosal secretory IgA levels were not quantified
(Attaran et al., 2016).

Biofilm-Associated Hp Genes
Inter-bacterial Communication (QS Molecules)
AI-2 is produced as a metabolic byproduct of the reaction
carried out by LuxS, which cleaves S-ribosylhomocysteine,
producing homocysteine and 4,5-dihydroxy-2,3-pentanedione
(DPD) and AI-2 as a metabolic byproduct of this reaction.
DPD undergoes rapid dehydration and cyclization, existing
in equilibrium as several molecules collectively termed as
AI-2 (Schauder et al., 2001). LuxS uses methionine as a
reduced sulfur source in the processes of de novo cysteine
biosynthesis pathway. The luxS gene maps within an operon
encoding cysK, metB, and luxS, which are necessary for the
de novo cysteine biosynthesis pathway (Doherty et al., 2010).
Some luxS mutants show reduced motility, and present a
reduced number and length of each flagella. These differences
result from a reduced transcription of genes of the flagella
biosynthesis pathway (such as flaA, flgE, motA, motB, flhA,
and fliI but not flaB genes) (Osaki et al., 2006; Rader et al.,
2007; Shen et al., 2010). Gölz and colleagues demonstrated
that a normal motility could be restored by adding AI-2. All
described defects affecting motility of Hp luxS mutants were
restored by the addition of AI-2 or DPD (Gölz et al., 2012).
In Hp, AI-2 functions as a signaling molecule up-stream of
the flagellar regulator flhA. High amounts of AI-2 increases
motility, but it also reduces biofilm formation by Hp, thereby
leading to colonization of niches with a small number of
bacteria, but with a better provision of nutrients. AI-2 influences
flagellar gene expression up-stream of flhA (Tsang and Hoover,
2014) and functions as chemorepellant via TlpB (Gölz et al.,
2012). Both mechanisms obviously contribute to regulation
of biofilm formation vs. planktonic growth, which in turn
promotes bacterial colonization and persistence in the stomach
(Rader et al., 2011).

The Hp genome carries few regulatory elements. Three of
those are Fur, regulating the ferric uptake; NikR, regulating
the response to the presence of nickel response regulator; and
ArsRS, a two component system, which responses to an acid
environment (Danielli and Scarlato, 2010). In particular, ArsR
is essential for in vitro survival (Loh et al., 2010). Mutation
studies of ArsS have been performed by mutating arsR into a
non-phosphorylatable form (ArsR-D52N mutant). Involvement
of ArsS in biofilm formation has been suggested by proteomic
analysis and because ArsS mutants have a significant increase
cellular aggregation and adherence to the flask at the air-liquid
interface. Further studies showed that strains carrying ArsRD52N
mutation or a combination of nikR and arsS deletions had
a quicker transition to the coccoid form. Similar to biofilm
formation, the transition to the coccoid form is known to happen
in case of environmental stressors, such as nutrient deprivation.
In summary, the data of these studies suggest that the lack of
ArsRS system increases stress response, leading to an increased
and faster biofilm formation. The simultaneous deletion of arsS
and nikR genes decreases the normal Hp functionality and
results in increasing of the coccoid forms and increased biofilm
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formation (Servetas et al., 2016). This hyper-biofilm forming
phenotype of arsS mutants is found to be mediated by an outer
membrane protein, homB (Servetas et al., 2018).

Chemotaxis That Guides Movement to Reach the
Right Position
In the colonization of gastric mucosa by Hp, coordinated
movements are required to reach and position in the right
topology of the stomach horizontally and vertically to form stable
biofilms, guided by chemotaxis and powered by flagella and
pili (Harshey, 2003; Howitt et al., 2011; Persat et al., 2015). In
fact, aflagellated Hp mutants exhibit impaired biofilm formation
(Hathroubi et al., 2018b). Hp species regulate their motility
by chemotactic signaling systems, which allow the bacteria to
follow favorable chemical gradients in their host environment.
A number of transcriptional factors are known to be involved in
these processes (De la Cruz et al., 2017). For chemotactic signal
transduction, four different groups of proteins are necessary: (1)
chemoreceptors, (2) core signal proteins, (3) accessory proteins,
and (4) flagellar switch proteins (Lertsethtakarn et al., 2011). In
Hp, the chemotactic behavior to low pH is dependent on the
chemoreceptor TlpB (Croxen et al., 2006). A luxS mutant of
Hp strain G27 showed a reduced stopping frequency in liquid
media, which was restored by the addition of AI-2 or DPD
(Rader et al., 2011). Analyzing the chemotactic behavior of
double and single mutants, these authors confirmed that AI-
2 is perceived as a chemorepellant signal via TlpB. In fact, an
Hp strain deficient for the chemoreceptor TlpB failed to move
away from a source of synthetic DPD and did not display
increased stopping behavior upon addition of synthetic DPD.
These behaviors were restored upon genetic complementation of
the tlpB gene. Hp chemoreceptor TlpB is required for recognition
of AI-2, which confirms its role in negative pH taxis (Rader
et al., 2011). ChePep mediates another signaling system that
controls the flagellar switching in a chemotaxis signaling protein-
dependent manner. ChePep localizes to the flagellar pole of Hp,
and chePep mutants show aberrant flagellar rotation, although
flagella are correctly assembled and motile. In fact, ChePep
does not control directly flagellar switching, but functions as
a chemotaxis regulator, as it has been shown by studying Hp
chemotactic behavior in a pH gradient. Hp cells increase their
turning frequency in presence of a chemorepellent (i.e., acid)
because of a predicted increase in phosphate signaling in the
chemotaxis system. ChePep mutants constantly switch flagellar
rotation also in normal culture condition and respond to acid
condition by increasing their turning frequency. This behavior
can be explained by high levels of phosphorylated CheY protein
as obtained in some enteric bacteria by the mutation of CheZ
and CheB that normally function as chemotaxis regulators by
reducing the phosphorylation state of CheY (Howitt et al., 2011).

Extracellular Matrix, Outer Membrane Vehicle, and
Adhesins Involved in Biofilm Formation
The Tol Pal gene cluster has been extensively studied in other
organism such as Escherichia (E) coli and its role in the
formation of OMV and in bacterial cell integrity is well known.
Hp genomes encode homologous genes to E. coli tolB and

pal (HP1126 and HP1125, respectively), but no Hp homolog
for tolA has been described (Turner et al., 2015). Moreover,
Hp possesses two coding regions (HP1127 and HP1128), with
no known homologs in the databases, and other two coding
sequences, HP1130 and HP1129, putative homologs of tolQ
and tolR, respectively. Hp tolB mutants displayed extensive
“blebbing” and had very few flagella, which were markedly
shorter in length and appeared to form clumps, suggesting a
division defect. The morphology of the double mutant tolB-
pal was not very different to that of wild type (WT) bacteria,
although mutants lacked flagella completely. This phenotype
could be due to the fact that the peptidoglycan-associated outer
membrane proteins, including those of the Pal family, share
sequence homology in the C-terminal region with the E. coli
motility protein, MotB (Mot and Vanderleyden, 1994). This
region of MotB is particularly important in anchoring the flagella
structure to the peptidoglycan. It is therefore possible that
any disruption of either the TolB or Pal protein may affect
the functioning of the Tol-Pal complex as a whole, thereby
altering flagella synthesis or hindering the anchoring of the
flagella to the peptidoglycan layer. Furthermore, Hp 1tolB and
1pal mutants produce >600- and 22-fold more OMVs than
WT bacteria, suggesting a strong co-regulation of flagella and
OMV (Turner et al., 2015).

Efflux pump functions in the formation of biofilms and
multidrug resistance (Soto, 2013). gluP has been shown to be
involved in the biofilm formation and multidrug resistance of
Hp and the expression of gluP is upregulated by SpoT, which is
a known global regulator (Ge et al., 2018). In addition to SpoT,
there are other genes involved in both biofilm formation and
multidrug resistance in Hp, which is mostly mediated through
an increased expression of RND efflux pump genes (Yonezawa
et al., 2013; Attaran et al., 2017). Furthermore, The gluP encodes a
glucose/galactose transporter that belongs to the major facilitator
superfamily of the efflux pump machinery (Tomb et al., 1997),
which is mainly responsible for the physiological uptake of
sugars, such as D-glucose (Psakis et al., 2009). Its inactivation has
also the effect to alter the biofilm formation because glucose is a
component of polysaccharides (Limoli et al., 2015) that are part
of biofilm matrix (Ge et al., 2018).

Using nuclear magnetic resonance, Yang et al. (2011) identified
mannose-related proteoglycans (proteomannans) as a major
contributor to Hp EPS in in vitro culture. They detected the
presence of NapA protein upregulation in the biofilm, suggesting
a mechanism to increase adhesiveness of Hp biofilm. An isogenic
mutant of napA revealed an altered biofilm structure with
reduced aggregates, when compared to the WT. Adhesins are
another class of genes involved in biofilm and the Hp genome
contains two adjacent homolog genes, alpA-alpB, annotated as
omp20-omp21 and hopC-hopB in the 26695 and G27 genomes,
respectively, that may be involved in biofilm formation. A recent
study (Yonezawa et al., 2017) compared OMV protein profiles
between a Hp strain and its spontaneous weak biofilm-forming
mutants and demonstrated that AlpB was an important protein
for biofilm formation. alpB mutants derived from various
strains have also been shown to be incapable of inducing
cell aggregation (Senkovich et al., 2011; Yonezawa et al., 2017).
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FIGURE 3 | The presence of adhesins in H. pylori strains may influence the
formation of biofilm. See text for details on the assay.

FIGURE 4 | cagA or vacA genotypes did not influence the capacity to form
biofilm by H. pylori strains. See text for details on the assay.

Furthermore, these studies suggest that particularly the variable
region of alpB is involved in the attachment to various substrates,
including gastric cells.

Our preliminary studies on several known Hp virulence
genotypes and biofilm formation in vitro support potential
involvement of some adhesins. We tested a total of 45 clinical
isolates from Mexican patients, including 15 each for non-
atrophic gastritis, intestinal metaplasia and gastric cancer, using
96-well polystyrene microtiter plates. Each well was filled with
135 µl of Brucella broth. The formation of biofilm was started
by inoculating 15 µl of pre-cultured bacterial suspension with
3 × 108 CFU/ml into each well. The cultures were incubated
under microaerobic conditions during 48 h, at 37◦C and 10% of
CO2. Uninoculated Brucella broth served as a negative control.
After incubation, the supernatant was removed, the plates were
washed 3 times with PBS and dried for 30 min. One hundred
and fifty microliter of 0.1% crystal violet was added to each well
and the plate was incubated at room temperature for 20 min. The
excess crystal violet stain was removed, and the plate washed 3
times with PBS. The crystal violet staining biofilm was extracted

with 150 µl of ethanol (70%) and measured at OD 595 nm.
The assay was done 3 times and the final results were the mean
of absorbance values. We tested strains positive or negative for
adhesins reported important for Hp colonization. Strains lacking
either oipA or sabA showed a significantly reduced ability to
form biofilm. In contrast, strains lacking hopZ were in fact
more efficient producing biofilm (Figure 3), and we found no
differences between strains with or without the babA2 gene.
These results need to be confirmed with the study of additional
strains, including isogenic strains mutated in the gene under
study. On the other hand, our initial results indicate that cagA
and vacA genotype may have no influence in the intensity of
biofilm formation (Figure 4); formation of biofilm was similar
in both, cagA-postive strains (J99 and 26695) and cagA-negative
strains (TX30). Formation was also similar between vacA s1 and
s2, or m1 and m2 strains; although we observed a tendency for
reduced biofilm formation by m2 Hp strains (Figure 4). These
observations ensure that the observed association with some
adhesines was not mediated through the correlation with the
presence of cagA and vacAs1m1 genotypes.

Genes Regulating the Shape of Hp
The morphological transition of Hp leads from a spiral rod–
shaped organism to a coccoid organism by changes in the
peptidoglycan of the bacterial cell wall, These modifications
are mediated by AmiA (Chaput et al., 2006, 2016). Moreover
these changes influence the ability of the coccoid form to
escape the immune system. Studies have shown that peptidases
Csd1-4 and Csd6, as well as potential regulators Csd5 and
CcmA are required to tailor the PG layer to generate the
helical cell shape characteristic of Hp (Sycuro et al., 2010, 2012,
2013). Csd4 cleaves the gamma-D-Glu2-mDAP3 bond of the
muramyl tripeptide to produce the muramyl dipeptide (member
of M14 metallopeptidase family, Zn2+-dependent). Csd3 (also
known as HdpA, member of the M23 metallopeptidase family)
has D,Dendopeptidase and D,D-carboxypeptidase (D,D-CPase)
activities. Csd6 (HP0518) belongs to the peptidoglycan trimming
pathway and also influences the cell shape of Hp. Disruption of
the csd6 gene by transposon-induced mutation or its deletion
resulted in a straight rod shape and in an increase in tetrapeptide-
containing muropeptides (Kim et al., 2015).

More recently Blair et al. (2018) studied the mechanisms
by which Csd5 promotes helical cell shape. It has been shown
that the N-terminal cytoplasmic (NT) and transmembrane (TM)
domains, together with a C-terminal SH3 domain in Csd5 are
each required to promote helical shape. Csd5 interacts directly
with peptidoglycan via its C-terminal SH3 domain, whereas the
N-terminal transmembrane domain promotes interactions with
CcmA, MurF that catalyzes the synthesis of a PG precursor, and
F1F0 ATP synthase. The recognition of the interaction of Csd5
protein with CcmA, a known cell-shape protein and putative
cytoskeletal bactofilin, and with MurF, a known cell elongation
factor, was unexpected but not surprising given the connections
between PG synthesis, cell shape and intermediate filament
proteins in helical organisms. Another study investigated the
cholesteryl glucosides (CGs), one of the major components of
the cell wall, by the deletion of the hp0421 gene, which encodes
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cholesteryl α–glucoside transferase that integrates (CGs) into
the cell wall of Hp. This determines a deficiency of cholesterol,
an alteration in the morphology and shape (“c”-shaped cells
were prevalent), and of cell walls components like LPS, which
leads to less virulent strain and an increasing of susceptibility to
antibiotics (Qaria et al., 2018).

Hp Genetic Variabilities in Biofilm-Associated Genes
To elucidate the diversity of biofilm-associated genes among Hp
strain, we used whole genome data (Muñoz-Ramírez et al., 2017)

of 74 Latin American Hp strains to analyze 33 genes reported
to be involved in biofilm formation (Table 1). This analysis
revealed a mean variation of 6.78% in the amino-acidic sequence,
ranging from a minimum of 0.39% in motA gene (HP0815, 1
non-synonymous variant in 258 amino acids) to a maximum of
23.12% in chePep gene (HP0322; 318 non-synonymous variants
in 506 aa). For luxS (HP0105) that encodes an enzyme to produce
AI-2 (He and Zhang, 2008; Gölz et al., 2012; Wolska et al.,
2016), we found 10 non-synonymous variants with a variant
frequency >10% on a total of 453 bp. Further phylogenetic

TABLE 1 | Variation analysis in Hp biofilm related genes.

Gene name 26695
gene code

Non-synonymous
variants > 1%

frequency

Non-synonymous
variants > 10%

frequency

Gene length (bp) Potential pathways and functional
categories (see

footnotes)/additional references for
genes not referred in the text

luxS HP0105 36 10 453 (1)

arsR HP0166 18 18 683 (1)

aibB HP0473 114 36 753 (1), (2)/(Anderson et al., 2015)

aibA HP0298 120 34 1658 (1), (2) /(Anderson et al., 2015)

fur HP1027 18 4 454 (1), (2)

rpoN HP0714 135 29 1247 (2)

tlpB HP0103 224 33 1700 (2)

fliA HP1032 61 20 804 (2)/(De la Cruz et al., 2017)

flgR HP0703 45 17 1147 (2)/(De la Cruz et al., 2017)

chePep HP0322 322 318 1518 (2)

cheW HP0391 23 5 498 (2)

cheY HP1021 69 7 897 (2)

HP1067 21 2 375

cheA HP0392 61 22 2412 (2)

flaA HP0601 52 8 1571 (2)

flgE HP0908 30 8 1818 (2)

HP0870 27 6 2160

motA HP0815 32 1 774 (2)

motB HP0816 41 11 779 (2)

flhA HP1041 42 12 2202 (2)

nikR HP1338 52 8 447 (3)

tolB HP1126 104 20 1255 (3)

HP0840/
JHP0778

HP0840 42 13 1024 (3)/(Burrows et al., 2000)

futA HP0379 193 196 1278 (3)/(Wong et al., 2016)

futB HP0651 218 241 1431 (3) /(Wong et al., 2016)

homD HP1453 278 84 2303 (3) /(Wong et al., 2016)

napA HP0243 29 5 435 (3)

amiA HP0772 101 27 1323 (4)

ccmA HP1542 24 5 411 (4)

csd1 HP1543 103 13 948 (4)

csd2 HP1544 87 27 928 (4)

csd4 HP1075 127 39 1317 (4)

csd5 HP1250 104 27 579 (4)

csd3 HP0506 200 33 1281 (4)

csd6 HP0518 100 20 983 (4)

murF HP0740 162 54 1485 (4)

cgt HP0421 53 53 1170 (4)

Functional categories: (1) Sensing and communications, quorum sensing molecules, (2) Movement/positioning, chemotaxis, flagella, (3) Extracellular matrix production,
polysaccharide metabolism, outer membrane vehicle synthesis, (4) Cell shape control.
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analysis of the 33 genes in the 74 Hp strains did not show
evidence of geographical clustering by country for most of these
genes with the only exception of the murF gene (HP0740),
which clearly formed separated clusters for Mexico and Colombia
(Figure 5). This result would suggests that murF is under
constant positive selection to adapt to the human host population
they are colonizing. Whether this diversity in murF contributes
to differential gastric cancer risk in these two populations is
something that deserves further studies.

FUNCTIONAL AND MORPHOLOGICAL
CHANGES ASSOCIATED WITH BIOFILM
FORMATION

Growth Rate
Slow growth rate has been recognized as one of the major
contributing factors to antibiotic resistance of biofilm-associated
bacteria (Stewart, 2015). Matured biofilms are known to contain
variable fractions of slow growing or non-dividing metabolically
inactive cells, which gives rise to persistent colonization
(Lewis, 2005; Kostakioti et al., 2013). In vitro mono-microbial

biofilm studies demonstrated that Streptococcus mutans biofilms
grew about 35% slower than planktonic culture before the
stationary phase (Welch et al., 2012). Using transcriptional
profiles, Folsom et al. estimated that Pseudomonas aeruginosa
grew at just 10% of planktonic growth rate in the stationary
biofilms (Folsom et al., 2010). Applying an agarose gel as artificial
EPS, Pabst et al. confirmed that the growth rate of Staphylococcus
aureus in the stationary biofilms was also about 10% of that of
planktonic culture (Pabst et al., 2016). Altered gene expression
leading to reduced transcription and to translation and DNA
replication arrest, has been identified as molecular characteristics
of the stationary biofilm-associated cells (Lewis, 2005; Stewart,
2015). Others suggest that bacterial synthesis of antibacterial
compounds against own or neighboring organisms (Elias and
Banin, 2012; Yamashita et al., 2015) may also contribute to the
slow growth of biofilm-associated bacteria. To date, however,
there have been no direct in vitro or in vivo data to support that
Hp forming stationary biofilms exhibits a reduced growth rate.

Metabolism
Biofilms are formed by groups of cells in different states, growing
or non-growing and metabolically active or inactive in variable
fractions, depending on maturity and on chemical gradients

FIGURE 5 | Phylogenetic analyses of HP0740 for 74 Mexican and Colombian strains. The alignment and graphics was produced with Geneious and graphically
modified with Inkscape software.
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(O2 and nutrients) of the biofilms (Stewart, 2015; Flemming
et al., 2016). It has been postulated that dormant non-growing
metabolically inactive cells reach these metabolic states in order
to reduce cell permeability and protect themselves against
oxidative stress (Stewart, 2015). Bacterial cells in stationary
biofilms have also been reported to increase synthesis of pili,
fimbriae and exopolysaccharides as well as lipopolysaccharide
modification and production of stress-response enzymes
(Prigent-Combaret et al., 1999; Folsom et al., 2010). Wong et al.
recently profiled metabolites of high and low biofilm forming Hp
strains from Malaysia using liquid chromatography/quadrupole
time-of-flight mass spectrometry (Wong et al., 2018). The
study compared four high and four low biofilm forming
strains cultured up to 3 days in duplicate. Interestingly,
low-biofilm-formers produced more metabolites than high-
biofilm-formers, consistent with lower overall metabolic activities
in biofilm-associated bacteria. Further analysis indicated that
the metabolites significantly lower in high biofilm producers
belonged to major categories of lipids, with an important role in
bacterial-bacterial communications, and metabolites involved in
prostaglandin synthesis (Wong et al., 2018).

Morphology
A morphological change described as small colony variants
(SCVs) has been linked to various biofilm associated infections,
such as cystic fibrosis, osteomyelitis and device-related infections
(Proctor et al., 2006). Since its first description for Salmonella
enterica serovar typhi (S. typhi) almost 100 years ago, SCVs have
now been reported for a wide range of bacterial genera and
species, including Staphylococci, Escherichia coli, Pseudomonas
aeruginosa, Vibrio cholerae, Shigella spp., Lactobacillus
acidophilus, and Neisseria gonorrhoeae (Proctor et al., 2006).
Currently, the connection between the SCV phenotype and
persistent, recurrent infections has become a hot topic in clinical
microbiology. Phenotypically, the size of SCVs are about one
tenth of that in regular colonies, with a slow growth rate, atypical
colony morphology and unusual biochemical characteristics
and are less susceptible to antibiotics than their wild-type
counterparts. An altered cellular morphology in the cell wall
structure and the emergence of intercellular EPS have also been
demonstrated for SCVs from Staphylococcus aureus. These
characteristics have been associated with mutations in the nupC
gene that encodes a protein involved in thymidine uptake and in
the thyA gene that encodes thymidylate synthase (Proctor et al.,
2006). A group of Norwegian researchers reported spontaneous
appearance of Hp SCVs, although they did not clarify its size
relative to normal colonies (Bukholm et al., 1997). This variant
was induced by acid exposure and showed enhanced adherence
and invasion to epithelial cells (Bukholm et al., 1997; Tannæs
et al., 2001). It was found that these morphological changes are a
consequence of a shift in cell wall lipid composition, specifically,
an increase in lysophospholipids, due to phase variation in the
pldA gene, resulting in production of an active form of the outer
membrane phospholipase A (OMPLA) (Bukholm et al., 1997;
Tannæs et al., 2001). Another colony variant associated with
biofilm is the rough colony variant arising from smooth colonies
of P. putida (Hansen et al., 2007; Elias and Banin, 2012). This

was caused by two independent mutations in wapH (PP4943),
a gene involved in lipopolysaccharide (LPS) biosynthesis
(Hansen et al., 2007). Rough/smooth phenotype variants due
to altered LPS composition were also observed for Hp, yet its
association with biofilm formation and virulence is unclear
(Bertram-Drogatz et al., 1999).

At the cellular level, the best-described morphological change
in Hp associated with biofilm in vivo is coccoid transformation
(Carron et al., 2006; Coticchia et al., 2006; Cellini et al., 2008).
Coccoid transformation is considered a common feature of
Gram-negative rod bacteria under conditions of stress (Andersen
and Rasmussen, 2009; van Teeseling et al., 2017; Krzyzek
and Gosciniak, 2018). In vitro, coccoid forms of Hp can be
induced by prolonged culture or use of suboptimal levels of
antibiotics (Krzyzek and Gosciniak, 2018; Poursina et al., 2018).
The Hp coccoid forms have been defined as viable but non-
culturable (VBNC), thus undetectable by conventional cultures,
and are known to have an increased capacity to aggregate into
monomicrobial clusters embedded in thick EPS (Cellini et al.,
2008; Cellini, 2014; Krzyzek and Gosciniak, 2018). In many ways,
VBNC coccoid Hp resembles the characteristics of persister cells
documented in biofilms of other bacteria (Lewis, 2005; Pinto
et al., 2015) and they can survive up to 1 year just in fresh water
(Cellini, 2014; Percival and Suleman, 2014). An accumulation
of N-acetylglucosaminyl-N-acetylmuramyl–l-Ala–d-Glu in PG
of the cell wall (Costa et al., 1999), catalyzed by AmiA (PG
hydrolase), has been described to precede this morphological
transformation and also to lead to immune evasion by escaping
from NOD1 detection (Chaput et al., 2006). Yet, since PG dictates
bacterial cell shape (Rubin and Trent, 2013; van Teeseling et al.,
2017) and since many other PG remodeling enzymes have been
described (Caccamo and Brun, 2018), genes other than amiA
are likely to be involved in this process. In fact, genes encoding
the enzymes, pgp1 and pgp2 for Campylobacter spp, and csd1,
csd2, csd3, csd4, csd6, murF and related non-enzymatic proteins,
csd5 and ccmA for Hp have been identified to be critical in
the maintenance of helical shape (Sycuro et al., 2010, 2012,
2013; Kim et al., 2015; Esson et al., 2016; Blair et al., 2018)
as detailed in the previous section. In addition, coccoid Hp
harvested in vitro from clinical isolates overexpressed spoT, a
global transcriptional regulator for stress responses (Poursina
et al., 2018). A homologous gene in Mycobacterium smegmatis has
been linked to its cell shape control (Gupta et al., 2016) and a Hp
spoT-mutant exhibits a reduced ability to form biofilm (Ge et al.,
2018). To date, despite these growing observations, it remains to
be elucidated whether coccoid transformation indeed prompts
biofilm formation, or whether biofilm formation promotes Hp
coccoid transformation.

Virulence Factors
It is yet unknown whether biofilm-associated bacteria exert
virulence more potently than those living planktonically. There
are several factors that affect virulence of biofilm-associated
bacteria. As discussed above, the stage (maturity) of biofilms,
chemical composition (O2, acidity and nutrients gradients)
and microbial (mono- vs. poly-biofilms) environment within
biofilms are important determinants of bacterial gene expression
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(Lewis, 2005; Folsom et al., 2010; Stewart, 2015). In addition,
how to quantify or compare virulence is not so straightforward,
because life expectancy of bacteria living in biofilms and that
of planktonic bacteria are different, as the former is expected to
live longer causing persistent infection (Lewis, 2005; Pinto et al.,
2015). Furthermore, even if biofilm-associated bacteria express
lower virulence per time compared with planktonic bacteria,
cumulative effects on host cells may be higher. In addition,
aggregative nature of biofilm-forming bacteria may enhance
virulence through increased adherence to host cells, even if the
same amount and potency of virulence molecules are produced
or released. Part of biofilm-associated virulence is also derived
from surrounding EPS, not bacterial cells themselves. EPS
contains secreted enzymes, toxins and outer membrane vehicles
(Flemming and Wingender, 2010; Hathroubi et al., 2018a)
and can activate neutrophils without opsonization to induce
inflammatory reactions and exert cytotoxicity (Meyle et al., 2012;
Fulsundar et al., 2015; Susanne et al., 2015; Kim et al., 2016;
Nascimento et al., 2016).

Pinto et al. reviewed virulence of VBNC bacteria
predominantly found in biofilms (Pinto et al., 2015). They
concluded that most bacteria continue to express their virulence
and toxin genes, but expression levels are downregulated or
protein secretion may not be detectable. However, altered
gene/protein expression seems to vary with types of bacteria,
types of virulence genes, or co-colonization with other bacteria.
For example, when Pseudomonas aeruginosa and methicillin-
resistant Staphylococcus aureus (MRSA) were grown together
as a mixed culture, biofilm development was accelerated and
production of P. aeruginosa exotoxin A was increased by
1839-fold in comparison to their respective monocultures
(Goldsworthy, 2008). Moreover, P. aeruginosa exoproduct
4-hydroxy-2-heptylquinoline-N-oxide (HQNO) was found
to stimulate S. aureus biofilm and SCV formation, leading
to an increase in the expression of the fibronectin-binding
protein A and a decrease in the expression of the α-hemolysin
gene (Mitchell et al., 2010). It was also demonstrated that a
spontaneous SCV of Hp released VacA and urease from the cells,
while its parent large colony cells retain these toxins within the
cells (Bukholm et al., 1997).

Other studies specific to Hp have attempted to identify
differential virulence profiles between coccoid and helical/spiral
forms. A proteomic study by Bumann et al. (2004) reported
differential virulence profiles, i.e., cagA/vacA dominance in
helical and ureA/B and groEL dominance in coccoid forms. The
lack of CagA protein expression in coccoid Hp was consistent
with an earlier report by Roe et al. (1999). However, a more
recent high resolution proteomic study reached a different
conclusion (Loke et al., 2016). When compared with helical
forms, coccoid forms of Hp were found to express higher levels of
proteins that are involved in virulence and carcinogenesis, such
as secretion system machinery proteins, CagE, CagV, and YidC
and proinflammatory proteins, such as OipA and Hps. Poursina
et al. tested the mRNA expression of two Hp virulence genes,
babA and cagE in coccoid forms harvested in vitro and concluded
that both genes were expressed but in lower rates than those of
helical forms. Also, coccoid forms of clinical isolates from peptic

ulcer patients showed higher cagE expression than the reference
Hp strain 26695, indicating the presence of strain variability
(Poursina et al., 2013). More recently, Hirukawa et al. (2018)
found that all forms of Hp (helical, coccoid and fragmented)
expressed certain pathogenic proteins, including CagA, other
components of the cag−Type IV secretion system (VirB7 and
VirB9), the blood group antigen−binding adhesin BabA, and
UreA, to similar levels. However, phosphorylation of CagA in
gastric cancer cells was only seen by the helical form (Hirukawa
et al., 2018). In contrast, Segal et al. (1996) reported, using the
same cells but a different strain, that coccoid Hp was capable of
binding and inducing cellular changes of the same sort as spiral
Hp, including tyrosine phosphorylation of host proteins and that
coccoid Hp induced a stronger cytoskeletal rearrangement than
spiral Hp. Co-culture of a gastric non-cancer epithelial cell line
with coccoid or helical forms of Hp revealed that helical Hp
led to more severe inflammatory and apoptotic responses, while
coccoid Hp maintained host cell in a high proliferation rate
(Liu et al., 2006). Interestingly, in animal models, colonization
efficiency of Hp mutants in coccoid associated genes, aimA
and spoT, was markedly reduced (Sun et al., 2012; Chaput
et al., 2016). Despite substantial contrasting findings in the
observations, overall, accumulated data suggest that coccoid Hp
retains virulence, can survive better in vivo and may contribute to
carcinogenesis, while helical Hp can be more easily eliminated by
acute host immunoinflammatory responses.

The toxin–antitoxin (TA) systems have emerged as important
virulence factors in many pathogenic bacteria, which have been
described to be beneficial in bacterial fitness, persistence, and
virulence (Kędzierska and Hayes, 2016). Importantly, we recently
documented the presence of a novel TA system in Hp encoded
by HP0968-HP0967 (Cárdenas-Mondragón et al., 2016), which
was strongly expressed in bacteria forming mature biofilm on
abiotic surface, but not in planktonic growth. In addition, the
expression of this TA was significantly increased after contact
with gastric epithelial cell line AGS. These results suggest that
HP0968-HP0967 may be expressed in the gastric mucosa and
have a role in the gastric carcinogenic pathways.

POTENTIAL ROLE OF POLYMICROBIAL
BIOFILMS IN CARCINOGENESIS

Gastric Microbiome of Hp-Infected
Humans
Bacterial-bacterial interactions are a major driver of
pathophysiological consequences of poly-microbial biofilms, as
observed in niches like oral cavity and intestine (Larsen and
Fiehn, 2017; Li et al., 2017). It is not known whether this is
also the case for the stomach, although there is evidence that
supports the presence of such interactions in animal models.
Interestingly, in Hp-infected INS-GAS mouse models, gastric
intraepithelial neoplasia (GIN) developed much earlier in the
presence of commensals, than in mice lacking commensals
(Lofgren et al., 2011). A subsequent study confirmed that the
presence of only a few other bacterial species had a similar
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impact to that of full commensals on GIN development
(Lertpiriyapong et al., 2014) and that co-infection specifically
promoted progression of metaplasia and foveolar hyperplasia
to dysplasia (Pinzon-Guzman et al., 2018). However, to date
clinical observations or in vitro and in vivo experiments for
Hp biofilm studies have been primarily limited to be mono-
microbial, exclusively to Hp. There are only a couple of studies
that demonstrated the presence of non-Hp bacterial aggregates
in the gastric mucus layer and crypts of the patients during acid
suppression treatment or with gastric primary lymphoma, using
chemical and immunochemical staining (Jonkers et al., 1997;
Sanduleanu et al., 2001). These studies reported that almost
two thirds of the patients harbored non-Hp bacteria and that
co-existence of Hp and non-Hp bacteria was common (Jonkers
et al., 1997; Sanduleanu et al., 2001), although the presence of
EPS between bacteria was not examined.

Recent studies based on 16S rRNA gene sequencing or
other high dimensional approaches to characterize the gastric
microbiome have revealed that the gastric lumen is inhabited by a
wide range of commensal bacteria, contrary to the previous belief
that high gastric acidity kills most microorganisms (Alarcón
et al., 2017; Yu et al., 2017). Gastric microbiome comprises
commensals from the ororespiratory tract through ingestion,
as well as in a smaller fraction from the intestinal tract
by biliary reflux (Sanduleanu et al., 2001; Yu et al., 2017).
Some of these bacteria are just transient, and data pointing
to which are truly resident of the gastric mucosa, other than
Hp, are still limited. Multiple studies have found that the
dominant genera in the gastric mucosa comprise Streptococcus,
Lactobacillus, Rothia, Prevotella, Veillonella, Neisseria, and
Haemophilus, including over 100 species (Sheh and Fox, 2013;
Alarcón et al., 2017; Yu et al., 2017). There is also a consensus
that Hp infection, especially before the development of gastric
atrophy, substantially reduces diversity and richness of gastric
microbiome by dominating others (Alarcón et al., 2017; Parsons
et al., 2017). Yet, these studies raise the possibility that some
non-Hp gastric bacteria may cohabit with Hp in biofilms
and that the interactions between them may play a role
in gastric carcinogenesis. Differential compositions of non-
Hp gastric microbiome have been reported between normal
individuals, pre-malignant lesions and gastric cancer, although
the data have been inconsistent concerning specific bacteria
associated with the stage of gastric lesions and it is still
unclear whether the observed differences in microbiota are
a cause or consequence of carcinogenesis (Sheh and Fox,
2013; Aviles-Jimenez et al., 2014; Dias-Jacome et al., 2016;
Alarcón et al., 2017). This could suggest a progressive shift in
gastric microbiota structure in carcinogenesis, possibly resulting
from a complex cross-talk between gastric microbiota and
Hp, which are likely to occur within biofilms where they
live in proximity. In fact, abundance of non-Hp bacteria
may not be important if they act like a keystone pathogen,
as it is well known for Porphyromonas gingivalis in dental
biofilms (Hajishengallis et al., 2011; Lamont and Hajishengallis,
2015). Keystone pathogens are typically present at very low
abundance in a particular microbial niche; still, they can alter
commensal structure to become a dysbiotic community and

by attracting more pathogenic microbes (Hajishengallis et al.,
2011; Lamont and Hajishengallis, 2015). Such biofilms are
thought to promote host inflammatory responses and immune
suppression, leading to tissue damage and development of
precancerous lesions.

Commensal-Hp Interactions
Potential interactions between Hp and other commensals
or pathogens have been investigated mainly in co-culture
studies and also by virtual bioinformatic models. Das et al.
analyzed 16S rRNA gene pyrosequencing data from 39
Indian patients with suspected Hp infection using a network
analyses (Das et al., 2017). Their results suggest that Hp
has negative interactions with most members of the gastric
microbiota, while other microbes interacted positively with
each other, showing frequent intra-cluster co-occurrence/co-
operation and increased network density. Major microbes
that showed negative interactions with Hp include Ralstonia,
Bradyrhizobium, Cloacibacterium, Acidovorax, Aeromonas,
Halomonas, Bacillus, Methylobacterium, and Meiothermus. On
the other hand, Krausse et al. (2005) examined the effects of
other bacteria found in the gastric lumen on the growth of 30
Hp clinical isolates and one reference strain, using cross-streak
in vitro culture. Among 29 bacteria tested, Staphylococcus
epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa,
Stenotrophomonas maltophilia, Morganella morganii, Serratia
marcescens, Bf, Fn, and Clostridium difficile showed the strongest
growth inhibition, with varied degree on the different Hp
strains (Krausse et al., 2005). Other researchers have focused
on bacteria more common in oral cavity, Streptococcus and
Lactobacillus. When a cagA positive Hp strain was co-cultured
with human monocyte-derived dendritic cells (DC) in the
presence of Lactobacillus, maturation of DC was stimulated,
producing more inflammatory cytokines, compared with
Hp alone (Wiese et al., 2015). This suggests that lactic
acid producing bacteria may enhance gastric inflammatory
reactions caused by Hp and may also promote Hp-induced
carcinogenesis. These results were consistent with a gastric
microbiome study in humans showing increased abundance
of Lactobacillus in Hp-associated intestinal metaplasia and
intestinal type of gastric cancer, compared with non-
atrophic gastritis (Aviles-Jimenez et al., 2014) as well as
the increased gastric Lactobacillus population in INS-GAS
mouse model co-infected with Hp and limited commensals
(Bacteroides, Clostridium, and Lactobacillus) that developed
GIN (Lertpiriyapong et al., 2014). However, others have
reported a probiotic Lactobacillus strain that inhibited the
colonization of Hp in a Mongolian gerbil model (Merino
et al., 2018). More relevant to biofilm-associated Hp, Khosravi
et al. (2014) reported that Streptococcus mitis induced Hp
conversion to coccoid cells in co-culture studies and their
proteomic analysis revealed a metabolic crosstalk between
these two bacteria, suggesting a probable impact on Hp-
associated carcinogenesis (Khosravi et al., 2016; Krzyżek, 2017).
Furthermore, a recent animal experiment demonstrated that
INS-GAS mice co-infected with Hp and Streptococcus salivarius
developed more severe inflammation, hyperplasia, and dysplasia
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in the stomach when compared with Hp only at 5 months post-
infection. These studies address only a small fraction of possible
interactions between Hp and other bacteria, but provide evidence
suggesting that bacterial-bacterial interactions may modify Hp-
associated carcinogenesis (Shen et al., 2018).

Importantly, biofilms are considered to foster horizontal
gene transfer between and within species through transduction
and transformation and increase fitness of organisms (Madsen
et al., 2012). Mixed infection with multiple Hp strains has
been found to produce biofilms with higher adherent capacity
compared with each strain alone (Grande et al., 2012). Indeed,
Hp exhibits high homologous recombination rates (Suerbaum
et al., 1998; Falush et al., 2001) and is competent for DNA
uptake (Chattopadhyay et al., 2018) as the genome often
contains pathogenicity islands (cagPAI) to encode a DNA transfer
apparatus, such as tfs4, to facilitate conjugation (Fischer et al.,
2010; Fernandez-Gonzalez and Backert, 2014). Conjugative DNA
transfer occurred between Campylobacter jejuni and Hp in an
experimental system (Oyarzabal et al., 2007) and inter-species
horizontal gene transfer and DNA recombinatorial events have
been demonstrated within Hp species or with closely related
genera (Eppinger et al., 2004; Saunders et al., 2005). Thus, such
heightened genetic exchanges are likely to promote bacterial
persistence and virulence, as evidenced by acquisition of cagPAI
more than 60,000 years ago (Grande et al., 2012; Fernandez-
Gonzalez and Backert, 2014).

CONCLUDING REMARKS

As discussed above, emerging evidence suggests that certain
low abundance gut bacteria, such as Fn and SGG, which are
capable of causing biofilm-associated infection, may promote
the development of colorectal cancer in humans. This notion
is supported by not only epidemiological studies, but also
biological data to corroborate molecular pathways to mediate
biofilm formation and bacterial aggregation. On the other
hand, despite a substantial number of studies to support the
ability of Hp to form biofilms in in vitro environments (Garcia
et al., 2014; Hathroubi et al., 2018a), in vivo observations
of gastric biofilms from human subjects are still very sparse.
Studies based on other anatomic niches, such as gut and oral
cavity indicate that behavior of biofilm-associated bacteria is
different from that of planktonic counterparts (Gabrilska and
Rumbaugh, 2015; Liu et al., 2016) and that bacterial-bacterial
and host-bacterial interactions taking place in the biofilm
community enhance virulence and adverse host responses,
probably contributing to cancer initiation and progression

(Li et al., 2017). Accordingly, it is highly plausible that the
presence of Hp biofilms predisposes individuals to progression
to gastric cancer, compared to infection with planktonic Hp,
directly through altered virulence or/and indirectly through
prolonged exposure due to persistent infection. However,
information available to date is insufficient to test these
hypotheses and thus more clinical observations are urgently
needed. New histological techniques to preserve mucus layers
of gastro-intestinal mucosa may be explored to gain better
resolution and quantitation of Hp-biofilms in such studies.
Furthermore, we need to accumulate more information regarding
characteristics of Hp biofilms including compositions and
biological properties of EPS and non-Hp microbiome, as
well as geographical distribution of biofilms in relation to
gastric gland types and structures and to gastric pathologies
(e.g., premalignant lesions). We need also to address the
possible effects of Hp morphological changes on host oncogenic
signaling pathways. Identification of specific Hp gene variants
resulting into enhanced biofilm formation would be helpful
not only for screening patients at high risk for sequelae from
Hp infection, but also for development of new antibiotic
regimens to avoid resistance, regardless of its association
with gastric cancer. Given putative auxiliary functions of
type IV secretion system pili in the contact and adhesion
to host and other bacterial cells (Backert et al., 2008;
Maldarelli et al., 2016) and because of well established
oncogenic properties of CagA, studies focused on cagA-
positive Hp in high risk populations would be particularly
advantageous in addressing potential effects of Hp biofilms on
gastric carcinogenesis.
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Intestinal microbiota is now widely known to play key roles in nutritional uptake,
metabolism, and regulation of human immune responses. There are multiple studies
assessing intestinal microbiota changes in response to chemotherapy. In this study,
microbial phylogenetic molecular ecological networks (pMENs) were firstly used to study
the effects of chemotherapy on the intestinal microbiota of colorectal cancer (CRC)
patients. Based on the random network model, we demonstrated that overall network
structures and properties were significantly changed by chemotherapy, especially in
average path length, average clustering coefficient, average harmonic geodesic distance
and modularity (P < 0.05). The taxa in the module tended to co-exclude rather than
co-occur in CRC patient networks, indicating probably competition relationships. The
co-exclude correlations were decreased by 37.3% from T0 to T5 in response to
chemotherapy. Significantly negative correlations were observed in positive/negative
OTU degree and tumor markers (P < 0.05). Furthermore, the topological roles of
the OTUs (module hubs and connectors) were changed with the chemotherapy. For
example, the OTU167, OTU8, and OTU9 from the genera Fusobacterium, Bacteroides,
and Faecalibacterium, respectively, were identified as keystone taxa, which were defined
as either “hubs” or OTUs with highest connectivity in the network. These OTUs were
significantly correlated with tumor markers (P < 0.05), suggesting that they probably
were influenced by chemotherapy. The pMENs constructed in this study predicted
the potential effects of chemotherapy on intestinal microbial community co-occurrence
interactions. The changes may have an effect on the therapeutic effects. However, larger
clinical samples are required to identify the conclusion.

Keywords: intestinal microbiota, phylogenetic molecular ecological networks, high-throughput sequencing,
chemotherapy, colorectal cancer

INTRODUCTION

Colorectal cancer (CRC) is a major killer of people around the world despite continuing medical
advances on several fronts. Chemotherapy continues to be the mainstay therapy for most CRC
patients, and the related treatment response is unpredictable. Personalized cancer therapies are
now emerging, and targeted therapies have promoted revolutionary outcomes in CRC (Mirnezami
et al., 2012). However, novel problems such as idiosyncratic adverse effects, acquired resistance
and high costs are still present (Kantarjian et al., 2013; Welsh et al., 2016). Recent studies have
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implicated intestinal microbiota at the species level in influencing
the drug response and toxicity of CRC patients (Haiser et al.,
2013). Drug metabolism by intestinal microbiota has been well
recognized since the 1960s (Scheline, 1968). Intestinal microbiota
plays a key role in confirming the efficacy and toxicity of a broad
range of drugs (Li et al., 2016). With the development of high-
throughput sequencing, the importance of intestinal microbiota
for drug modulation and discovery is increasingly recognized (Jia
et al., 2008). Scott et al. (2017) reported that intestinal microbiota
influenced fluoropyrimidines, which are the first-line treatment
for CRC through drug interconversion involving bacterial
vitamin B6 and B9 and ribonucleotide metabolism. Guthrie et al.
(2017) suggested that metagenomic mining of the microbiome,
which is associated with metabolomics, was considered as a non-
invasive approach to develop biomarkers for CRC treatment
outcomes. As a consequence, intestinal microbiota can be
leveraged for therapeutic interventions (Ross et al., 2016) and to
improve therapeutic effects (Wallace et al., 2010).

Microbes coexist in complex environments in which
interactions among individuals are indispensable for community
assembly and ecosystem function (Fuhrman, 2009; Hallam and
Mccutcheon, 2015). However, few studies have explored the
interactions among intestinal microbiota or determined which
individuals share niches within the intestinal environment.
Therefore, identifying and defining the interactions that occur
among intestinal microbiota contributes to understanding the
role of intestinal microbiota to provide a possibility for better
therapeutic interventions. Molecular ecological network analysis
provides a promising future for exploring the dynamics of
microbial interactions and niches (Faust and Raes, 2012). In
recent years, molecular ecological network analysis has been
used as a tool to determine complex microbial assemblages in
various environments such as in humans (Faust et al., 2012),
groundwater (Deng et al., 2016), and soil (Jing et al., 2015).
Network analysis can identify putative keystone taxa that are
important for maintaining community structure and function
(Power et al., 1996).

To identify intestinal microbial assemblages that potentially
interact with or share niches within the intestine, we constructed
the phylogenetic molecular ecological networks (pMENs) for
healthy volunteers and CRC patients during the chemotherapy
based on the 16S rRNA sequencing data (Deng et al., 2012).
We studied intestinal microbiota using fecal samples from CRC
patients and healthy volunteers. High-throughput sequencing of
16S rRNA gene amplicons was used to describe the intestinal
bacterial assemblages. We mainly examined the changes in
intestinal microbiota during the treatment based on the pMENs.
The following research questions were addressed based on the
intestinal microbial phylogenetic data: (i) whether chemotherapy
affects the intestinal microbial molecular network structure, (ii)
what the potential “keystone taxa” in the network are and
how they change in response to chemotherapy, and (iii) what
the relationships are among key OTUs in the network and
clinical variables. Our work identifies a previously undocumented
dimension of intestinal microbiota and offers insights into the
species-species interaction networks of intestinal microbiota
associated with CRC patients in response to chemotherapy.

MATERIALS AND METHODS

Experiment Description
Twenty-two CRC patients from the Affiliated Hospital of
Qingdao University (Qingdao, China), aged 34–73 years, were
enrolled in our study (Table 1). This study was selected based on
the histopathological diagnosis of primary CRC, newly diagnosed
and untreated, and no history of other tumors. Twenty-one
healthy volunteers, aged 27–64 years, were selected as controls.
During a routine physical examination, all the participants who
had used antibiotics within the past 2 months or were regularly
using non-steroidal anti-inflammatory drugs, probiotics, or
statins before sampling, were excluded from the study. Other
exclusions included chronic bowel disease, food allergies, dietary
restrictions, and other signs of infections. Based on the national
comprehensive cancer network (NCCN) guidelines, the CRC
patients were treated with standard chemotherapy, and follow-up
samples were obtained from CRC patients before the treatment
of every stage. The interval time between two treatments is
about 21 ± 3 days. However, individuals had different starting
time at the first chemotherapy. The sampling time followed
the treatment time for about six times. In total, 123 fecal
samples from the CRC patients and 21 fecal samples from
healthy individuals were collected. The demographic, clinical and
technical details of study subjects were shown in Table 1 and
Supplementary Table S1. All these participants had been local
residents of Qingdao city for more than 5 years. This study was
approved by the Ethics Committee of the Affiliated Hospital
of Qingdao University and all study participants gave written
informed consent before participation. These fresh fecal samples
from healthy individuals were collected into 5 ml tubes in the
morning at home. Then they were sent into our lab within
3 h after defecation, and were reserved by ice bag during the
transportation, and were immediately frozen at −80◦C. These
samples from CRC patients were collected in the morning in
the hospital, then they were immediately frozen at −80◦C after
defecation until the day of analysis. The collected samples from
the healthy individuals and CRC patients were named by H and T,
respectively. In addition, these samples from CRC patients before
the first chemotherapy, before the second chemotherapy, before
the third chemotherapy, before the fourth chemotherapy, and
before the fifth chemotherapy were named by T0, T1, T2, T3, T4,
and T5, respectively.

DNA Extraction, Purification,
Sequencing, and Data Processing
Microbial DNA was extracted from fecal samples with the
QIAamp Fast DNA Stool Mini Kit as previously reported
(Wu et al., 2016). The freshly extracted DNA was purified by
1% melting point agarose gel followed by phenol chloroform-
butanol extraction. The V3-V4 region of the 16S rRNA gene
from each sample was amplified by the bacterial universal
primers (forward primer, 5′-ACTCCTACGGGRSGCAGCAG-
3′, and reverse primer, 5′-GGACTACVVGGGTATCTAATC-3′).
PCR amplification was performed in a 30 µl reaction containing
15 µl 2 × KAPA HiFi Hotstart ReadyMix, 10 ng template
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DNA, 1 µl of each primer (forward and reverse primers), and
ddH2O. The reaction mixtures were amplified using the following
conditions: denaturation at 95◦C for 1 min; 12 cycles of 98◦C
for 15 s, 72◦C for 10 s, 94◦C for 20 s, 65◦C for 10 s, and 72◦C
for 10 s; 11 cycles of 94◦C for 20 s, 58◦C for 30 s, and 72◦C
for 30 s; and a final extension at 72◦C for 150 s. The PCR
amplification products were purified using an AxyPrep DNA Gel
Extraction Kit (Axygen, United States), eluted in 30 µl water,
and aliquoted into three PCR tubes. DNA quality and quantity
were assessed by the 260/280 and 260/230 nm ratios, and the
final DNA contents were quantified with a Qubit R© dsDNA HS
Assay Kit (Invitrogen, United States). Finally, we sequenced
the bacterial DNA amplicons from each fecal sample using an
Illumina Hiseq 2500.

Raw sequences were separated into samples by barcodes.
After raw data quality control, the clean reads were first sorted
by abundance from large to small, followed by the removal
of singletons. Using the Usearch software, the reads were
clustered and chimeras were removed based on 97% standard
similarity. The reads from each sample were randomly pumped
to extract the corresponding Operational Taxonomic Unit (OTU)
sequences. Each OTU is considered to represent a species. The
taxonomic assignment was performed by the ribosomal database
project (RDP) classifier (Wang et al., 2007). Random resampling
was conducted on 39,796 sequences per fecal sample.

Network Construction and Analysis
In this study, we took 22 CRC patients and 21 healthy
individuals as biological replicates to infer the possible co-
occurrence relationship between intestinal microbes in response
to chemotherapy. Networks were constructed for intestinal
microbiota based on the OTU relative abundance. Each stage
of chemotherapy was considered as one treatment/group. Only
OTUs detected in more than 50% of replicate samples in
each group were used for network construction. The microbial
phylogenetic data were converted to a similarity matrix. The
similarity matrix measures the degree of concordance between
the abundance of OTUs across various samples by obtaining
the absolute values of the Pearson correlation matrix (Horvath
and Dong, 2008). The microbial communities can be predicted
by the Poisson distribution, which reflects the non-random
properties, system-specific of a complex system, and the Gaussian
orthogonal ensemble (GOE) statistics, which is involved in the

random properties of a complex system (Luo et al., 2007). The
random matrix theory (RMT), which is a reliable, sensitive
and robust tool for analyzing high-throughput genomics data
(Deng et al., 2012), was used to automatically determine the
appropriate similarity threshold (St) for identifying modular
networks and elucidating network interactions. The St represents
the minimal strength of the connections between each pair of
nodes (Zhou et al., 2011). Subsequently, an adjacency matrix was
derived from the similarity matrix based on the St (Luo et al.,
2007). These transitions are indicated by the existence of the
same St (Table 2). Global network properties were characterized
according to previous research (Deng et al., 2012). Modules
reflect divergent selection regimes, clusters of phylogenetically
and closely related species, habitat heterogeneity and the key
unit of species co-evolution (Olesen et al., 2007). Modularity
is used to demonstrate a network that is naturally divided into
distinct sub-groups (Deng et al., 2012). The average degree
represents the complexity of the network. Harmonic geodesic
distance represents the state (close or dispersive) of the nodes
in the network. The average clustering coefficient describes how
well a node is linked to its neighbors. The modular topological
roles are explained by peripherals, connectors, module hubs and
network hubs, which are defined by two parameters, the within-
module connectivity (Zi) and among-module connectivity (Pi)
(Deng et al., 2012; Jing et al., 2015). The Zi reflects how close
a node is connected to other nodes within its own module, and
Pi describes how close a node contacts with different modules.
Module hubs have the nodes with Pi ≤ 0.62 and Zi > 2.5,
connectors with Pi > 0.62 and Zi ≤ 2.5, and network hubs with
Pi > 0.62 and Zi > 2.5, peripheral nodes with Pi ≤ 0.62 and
Zi ≤ 2.5. In an ecological perspective, peripherals tend to have
the role of specialists, whereas connectors and module hubs are
considered as generalists and network hubs as super-generalists
(Olesen et al., 2007).

In the RMT-based molecular ecological network approach, the
phylogenetic molecular ecological networks constructed should
be ensured that the co-occurrence patterns are statistically
significant rather than a random process (Zhou et al., 2011).
Only one network was constructed by combining 21/22 samples
under each group; therefore, we cannot compare the network
indices between CRC patients with chemotherapy and healthy
individuals statistically. Thus, random networks were generated
to assess the significance of network indices based on a null

TABLE 1 | Summary information of individuals in this study (Fecal sample’s demographic, clinical, and technical details).

Group Healthy volunteers Colorectal cancers patients P value Sample collection Sequencing
platform

Sample size 21 22 NA Prior to each treatment Sequencing
Platform: Illumina
Hiseq PE250;
Sequencing Target
Depth: 5 GB; read
length: 500 bp

Male/Female 4/17 14/8 0.003

Age, year, median 54 (26–64) 57 (34–73) 0.098

BMI, median 23.2 23.4 0.913
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model (Sergei and Kim, 2002). Total of 100 random networks
were generated in each identified network, and all network
indices were calculated individually. The average and standard
deviation value of all random networks were obtained (Zhou
et al., 2011). The network indices between CRC patients
and healthy individuals were compared based on the Student
t-test with standard deviations derived from corresponding
random networks.

Statistical Analyses
All network analyses were performed based on the Molecular
Ecological Network Analyses (MENA) Pipeline1 and networks
were graphed using the Cytoscape 2.8.3 (Killcoyne et al., 2009)
and Gephi 0.9.1 software (Eck and Waltman, 2014). The Pearson
and Spearson correlation by IBM SPSS statistic 19.0 were
used to determine the significance of the differences and the
clinical correlates.

RESULTS

Effects of Chemotherapy on pMENs
The pMENs were constructed for CRC patients in response to
different therapy stages to determine the effect of chemotherapy
on intestinal microbial community (Table 2). The CRC patients
had unique ecological network models that varied during
different treatment stages (Supplementary Figure S1). Identical
threshold values of 0.66 were imposed on the T and H samples.
The network sizes, links, connectivity, and module numbers
were calculated for intestinal microbial community in the
CRC patients and healthy individuals. Random networks were
generated to test the statistical significance of the constructed
network indices (Table 2). All the constructed networks showed
scale-free characteristics, which means that only a few nodes in
the network have many connections, whereas most nodes have
no or few connections (Barabási, 2009), as proven by the power
law R2 ranging from 0.72 to 0.87 (Table 2).

The intestinal microbial networks were significantly different
for CRC patients and healthy individuals, which were proven
by multiple network topological properties, such as average path
length, average clustering coefficient, average harmonic geodesic
distance, and modularity (P < 0.05, Table 2 and Supplementary
Figure S1). Lower modularity values (0.40–0.50) in the T samples
indicated that these networks could be impossibly isolated into
multiple modules. Healthy assemblages formed larger networks
with more nodes than the CRC patient networks (Table 2).
However, the CRC patient networks contained more links
between nodes than healthy individual networks, which increased
the density of the connections and created more intricate network
patterns (Supplementary Figure S1 and Table 2). The increased
complexity of the T networks was also reflected by the shorter
harmonic geodesic distances and the increased average degree
(Deng et al., 2012). In addition, the CRC patient networks
presented distinctly different from T0 to T5, identified by the
changes in multiple network indices (Table 2). The average path

1http://ieg2.ou.edu/MENA/

length, average clustering coefficient, average harmonic geodesic
distance and modularity, were significantly different between T0
and T5 samples (P < 0.05). As the treatment stages progressed,
the nodes in the CRC patients increased, ranging from 99 to 103,
except for T3 (80). Collectively, the above results indicated that
other than the significant differences with the healthy individual
networks, overall network structures of the intestinal microbial
communities in CRC patients were significantly changed under
the chemotherapy.

Modularity in CRC Intestinal
Communities
To identify microbial assemblages that potentially share or
interact with intestinal niches during the CRC patient treatment
process, we focused on representative networks from CRC
patients with five treatment stages. We focused on modules with
at least five nodes and visualized the phylogeny for these modules
(Figure 1). The intestinal microbiota in CRC patients formed
more complex networks than healthy individuals, as determined
by more kinds of phyla in each sub-module (Figure 1). Eight
modules were detected in the healthy individuals. There were
6, 6, 5, 6, 7, and 7 modules in the T0, T1, T2, T3, T4, and
T5 networks, respectively (Supplementary Table S2). Networks
from all CRC patients contained modules with modularity
values ≤0.50 (Table 2). Overall, taxa tended to co-exclude
(negative correlations, pink lines) rather than co-occur (positive
correlations, blue lines); negative correlations accounted for 47–
75% of the potential interactions observed at each treatment stage
(Figure 2). The negative correlations in CRC patients decreased
by 37.3% from T0 to T5; however, they were still more than those
in healthy individuals (45%).

The composition of the modules differed within each network
and changed over the treatment time (Figure 1). Firmicutes
almost dominated all the modules from each treatment stage in
CRC patients. The phylum Fusobacteria presented in the modules
before the treatment (T0), before the second treatment (T1),
and before the fifth treatment (T4). The phylum Fusobacteria,
which was supposed to be more relevant to dysbiosis and CRC
progression (Geng et al., 2014; Flemer et al., 2017), was primarily
co-excluded with Firmicutes, Bacteroidetes, and Proteobacteria in
the module during the different treatment stage.

Visualization of Topological Roles of
Individual Nodes in CRC Patients
To evaluate the possible topological roles of the taxa in
the networks, we organized these nodes into four categories
based on the among-module connectivity (Pi) and within-
module connectivity (Zi) values, including the module hubs,
connectors, peripherals, and network hubs (Deng et al., 2012)
(Figure 2 and Supplementary Tables S3–S5). Structurally, the
loss of peripherals could influence the functions of ecological
networks, while losing the connectors, module hubs or network
hubs would result in the deterioration of the entire network
(Roger and Nunes Amaral, 2005). The nodes in each network
were mainly peripherals, with most of their links inside their
modules. Module hubs and connectors have been proposed
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FIGURE 1 | Highly connected modules within intestinal networks of colorectal cancer patients in response to the five stages of chemotherapy. Node colors represent
different major phyla; pie charts represent the composition of the modules with >1 phyla. A blue link indicates a positive relationship between two individual nodes,
whereas a pink link indicates a negative relationship. The number in bracket means the ratio of negative links accounting for the total links.
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FIGURE 2 | Z-P plot showing the classification of nodes to identify putative keystone species in healthy individuals and colorectal cancer patients in response to
chemotherapy. Each symbol represents an OTU. Different colors represent different groups, namely, red for healthy individuals (H), green for CRC patients before the
first treatment (T0), orange for CRC patients before the second treatment (T1), blue for CRC patients before the third treatment (T2), pink for CRC patients before the
fourth treatment (T3), water blue for CRC patients before the fifth treatment (T4), and gray for CRC patients before the sixth treatment (T5). Module hubs have the
nodes with Pi ≤ 0.62 and Zi > 2.5, connectors with Pi > 0.62 and Zi ≤ 2.5, and network hubs with Pi > 0.62 and Zi > 2.5, peripheral nodes with Pi ≤ 0.62 and
Zi ≤ 2.5. There are 1, 1, 1, 2, 1, 1, and 1 module hub in H, T0, T1, T2, T3, T4, and T5, respectively. There are 1, 2, 3, 1, and 1 network hub in T0, T1, T2, T3, and
T5, respectively. There are 3, 18, 13, 13, 20, 10, and 16 connectors in H, T0, T1, T2, T3, T4, and T5, respectively.

to be keystone taxa because of their important roles in the
network topology (Deng et al., 2012). In this study, the module
hubs and connectors were detected in all networks. There
were one or two nodes in each treatment stage classified as
module hubs in the T networks. The module hubs identified
in the T networks originated from a variety of taxonomic
groups. The module hubs in T0 and T1 were from the genera
Klebsiella and Fusobacterium, respectively (Supplementary Table
S3), which are pathogens routinely found in the human
intestine that cause diarrhea and bloodstream infections and
markedly increase the rates of treatment failure and death
(Yan et al., 2017). Two taxa from the genus Bacteroides
and Atopobium were classified as module hubs in T2. The
module hubs in T3, T4, and T5 were from Faecalibacterium,
Bacteroides, and Faecalibacterium, respectively (Supplementary
Table S3). Compared with the H network, the T networks
had more connectors during the different treatment stages.
Most of the connectors in each network originated from
Firmicutes, while the others were from the Actinobacteria,
Bacteroidetes, Proteobacteria, and Candidatus Saccharibacteria
(Supplementary Table S4). In addition, there were also network
hubs in the T networks, however, not in the H network.
Therefore, the topological roles of the taxa were different

and the keystone taxa were changed for CRC patients during
the chemotherapy.

Association of Network Structure With
Clinical Variables
Spearman correlation analysis was performed between OTU
degree and tumor markers (CA242, CEA, CA199, and CA724)
to determine the relationships between microbial network
interactions and clinical variables (Supplementary Material 1).
The OTU degree was calculated by summing the strengths
of the links of each node with all of the other connected
nodes in the network. OTU degree represents how strong
an OTU is connected to other OTUs, which is one of the
most commonly used network indices (Deng et al., 2012).
Significantly negative correlations (P < 0.05) were observed in
positive/negative OTU degree and CA199 and CEA (Table 3).
This means that changes of interactive relationships of pMENs
between species were probably closely correlated with tumor
markers in CRC patients. In addition, based on the topological
roles of individual nodes in the pMENs of CRC patients,
we also selected some key nodes (OTU787, OTU167, OTU8,
OTU238, OTU9, OTU2, OTU847, OTU488, and OTU16) and
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TABLE 3 | The Spearman correlation of tumor markers and OTU degree.

Tumor marker OTU degree (r, P) Negative OTU degree (r, P) Positive OTU links (r, P)

CA242 0.09, 0.87 0.31, 0.54 −0.43, 0.40

CEA 0.49, 0.33 0.83, 0.04 −0.94, 0.01

CA199 0.37, 0.47 0.89, 0.02 −0.94, 0.01

CA724 −0.03, 0.96 0.09, 0.87 −0.31, 0.54

“r” means the Spearman’s correlation coefficient; “P” means the significant results. CA242, carbohydrae antigen 242; CEA, carcino-embryonic antigen; CA199,
carbohydrae antigen 199; CA724, carbohydrae antigen 724. The bold values means the significant correlation between two parameters.

tumor markers (CA242, CEA, CA199, and CA724) for Spearman
correlation analysis to further explore the linkages between the
microbial correlation networks and clinical chemotherapeutic
effects. The results showed that the relative abundances of
OTU167, OTU8, and OTU9 were significantly correlated with
CEA, CA724, and CA242, respectively (P < 0.05, Supplementary
Table S6). The OTU167, OTU8, and OTU9 were from the genera
Fusobacterium, Bacteroides, and Faecalibacterium, respectively.
These significant OTUs, which were classified into module hubs
or network hubs in T0, T1, T2, and T3, were conspicuous
in ecological networks. These results showed that microbial
interaction networks were closely related with tumor markers,
indicating that they were extremely influenced by chemotherapy.
However, the relative abundance of these keystone taxa were
almost not significantly correlated with chemotherapy stages
(Supplementary Figure S2).

DISCUSSION

Chemotherapy remains the mainstay treatment for patients
with CRC, except for available surgical debulking (Yu et al.,
2017). In recent years, the changes that occur to the intestinal
microbiota in response to cancer chemotherapy have been
gradually understood (van Vliet et al., 2009; Jutta et al., 2011;
Stringer et al., 2013; Marin et al., 2014; Cammarota and
Ianiro, 2017). Chemotherapy can damage the mucus layer and
disrupt the mucosal barrier in the intestine. Afterward, some
intestinal microbiota probably penetrate the lamina propria,
leading to life-threatening systemic infections that activate
the innate immune system, which may influence the efficacy
of chemotherapy (Marin et al., 2014; Cammarota and Ianiro,
2017). A previous study reported that chemotherapy severely
influenced the homeostasis of intestinal microbiota (Montassier
et al., 2015); in turn, intestinal microbiota modulated the
efficacy and toxicity through key mechanisms, such as the
translocation, immunomodulation, metabolism, reduced
diversity, and ecological variation (Alexander et al., 2017).
Previous studies mainly analyzed the composition and structure
of intestinal microbiota influenced by chemotherapy. Here, we
firstly explored the intestinal microbial interactive networks
from the feces of CRC patients in response to the five
stages of chemotherapy based on the molecular ecological
network analysis.

Microbes in the intestine are not independent individuals
but complex inter-connected ecological communities. Microbes

compete for resources or exchange genetic material, influencing
the microbial composition and host health. Therefore,
understanding microbial interactions is important to understand
their functions. Although the chemotherapy is known to
exert profound effects on intestinal microbiota (Emmanuel
et al., 2014), the effects on the microbial ecological networks
were first explored in this study. In our study, network
properties significantly changed in CRC patients in response to
chemotherapy (P < 0.05). For example, connectivity (average
degree), which shows that how strong a node is connected to
other nodes, was decreased by 6.7% in T5 than in T0. However,
these CRC patients were still increased by 56.4, 53.1, 54.9, 51.6,
48.6, and 58.6% in T0, T1, T2, T3, T4, and T5, respectively,
compared with healthy individuals (Table 1). It suggested
that intestinal microbiota were linked with each other very
tightly in CRC patients with chemotherapy. Modularity, which
provides information on the extent to which nodes possess
more links with their own modules, was higher by 16.1%
in T5 than in T0. However, these CRC patients were lower
by 44.5, 41.8, 38.6, 47.6, 35.3, and 35.6% in T0, T1, T2, T3,
T4, and T5, respectively, compared with H (Table 1). These
indicated that the pMENs in CRC patients were changed
greatly under the chemotherapy. Previous study found that the
changes of the connectivity and modularity were consistent
(Liang et al., 2016). In our study, the inconsistency between
the connectivity and modularity probably revealed that overall
intestinal micro-ecosystem was in a seriously unbalanced
state. Findings revealed that the overall phylogenetic network
structures were changed, thereby suggesting a potential change
in the organization of intestinal microbial communities
(Faust and Raes, 2012). This change may result in the
potential switching of roles of intestinal microbial species
and ecological functions, which may influence therapeutic effects
of chemotherapy.

The identified modules within the networks probably arise
from microbes–microbes interactions in response to shared
niches in the intestine. The links in the ecological network
could explain the co-occurrence or co-exclusion of two nodes
caused by the species performing similar or complementary
and contrary or exclusive functions (Zhou et al., 2011). This
study results showed that the links of modules in T5 were
distinctly decreased than that in T0, but still higher than
that in H (Figure 1), indicating that interspecies interactions
within the ecological network were changed by chemotherapy,
and the more complex and compact of modules were in
CRC patients. Positive interactions often indicate that nodes
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complement or cooperate with one another, while negative
interactions signify predation or competition between the
taxa. In a relatively healthy intestine, cooperation probably
linked with stability was found to be the primary interaction
among symbiotic intestinal communities (Jain and Krishna,
2001; Schluter and Foster, 2012). Our results showed that
more negative correlations were in CRC patients (Figure 1).
The previous study experimentally demonstrated that external
disturbance promoted microbial species-species competition
(Cyrille et al., 2010). After five stages of therapy, the negative
links decreased distinctly in T5 than in T0, suggesting
that chemotherapy could have key effects on species-species
interactions of intestinal microbiota.

Identifying the key OTUs in a community is a challenge,
because of the uncultured status and high diversity of
microbes (Faust and Raes, 2012). In this study, pMENs
analysis provided information on keystone OTUs that were
most important to the structures and functions of microbial
ecosystem in CRC patients during the different treatment stage.
The keystone OTUs included that the module hubs (those
highly linked to numerous OTUs in their own modules),
and connectors (those highly connected to several modules).
Module hubs and connectors have been proposed to be
keystone taxa because losing them would result in the
deterioration of the entire network (Deng et al., 2012).
Topologically, different OTUs play individual roles in the
ecological networks (Guimerà et al., 2007). The topological
roles of the taxa were different and the keystone taxa were
changed for CRC patients during the chemotherapy. We
found that these keystone taxa (OTU787, OTU167, OTU8,
OTU238, OTU9, OTU2, OTU847, OTU488, and OTU16)
were not significantly correlated with types of chemotherapy,
except for the OTU787 (P = 0.003), which was from the
genus Klebsiella (Supplementary Table S6). One important
reason was that most CRC patients used the same XELOX
as the treatment protocols (Supplementary Table S1). The
OTU167, OTU8, and OTU9 were classified into module hubs or
networks hubs in T0, T1, T2, and T3, which were significantly
correlated with tumor markers (P < 0.05, Supplementary
Table S6). Therefore, these OTUs were probably extremely
influenced by chemotherapy, which also may influence the
chemotherapy efficacy. However, intestinal microbiota exerts
both direct and indirect effects on chemotherapy efficacy by
a large suite of ways. Not only are the intestinal microbiota
niche-specific, but their ecology is also dynamic (Alexander
et al., 2017). For example, intestinal structural ecology of
CRC patients at old age might be perturbed by the exposure
to a lifetime of environmental modifiers. The chemotherapy
may create a state of dysbiosis, exaggerate the influence of
deleterious bacteria, reduce efficacy, and further exacerbate any
dysbiotic state rather than correct it (Claesson et al., 2011).
Therefore, the actual roles of keystone taxa must be elucidated
by co-culture experiments or more biological replicates in
the further work.

It is very important to detect the interactive relationships
among microbial communities across relatively large numbers
of samples using network analysis (Barberán et al., 2012). We

could not scale the results to all the conditions with only
22 samples, however, constructing a pMEN is important to
determine the potential interactions among different microbes.
The study results would provide a better understanding of the
responses of intestinal microbial communities to chemotherapy.
Additional larger sampling efforts are required to reduce the
variables, such as age, sex, types of chemotherapy, antibiotic,
and probiotics usage, to obtain more fundamental insight
into intestinal microbial ecological networks in complex
intestinal environment.

CONCLUSION

An ecological molecular network is considered an effective
way to systematically evaluate intestinal microbial homeostasis
and provides novel insights into the intestinal microbiota for
CRC patients in response to chemotherapy. In this study, we
concluded that the intestinal microbiota of CRC patients were
changed greatly under the chemotherapy based on the ecological
molecular network analysis. These changes may influence the
therapeutic effects of chemotherapy. However, further studies are
needed to provide for more evidence to support this idea.
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The link between microbiota and gastric cancer (GC) has attracted widespread
attention. However, the phylogenetic profiles of niche-specific microbiota in the tumor
microenvironment is still unclear. Here, mucosa-associated microorganisms from 62
pairs of matched GC tissues and adjacent non-cancerous tissues were characterized
by 16S rRNA gene sequencing. Functional profiles of the microbiota were predicted
using PICRUSt, and a co-occurrence network was constructed to analyze interactions
among gastric microbiota. Results demonstrated that mucosa-associated microbiota
from cancerous and non-cancerous tissues established micro-ecological systems
that differed in composition, structure, interaction networks, and functions. Microbial
richness and diversity were increased in cancerous tissues, with the co-occurrence
network exhibiting greater complexity compared with that in non-cancerous tissue.
The bacterial taxa enriched in the cancer samples were predominantly represented by
oral bacteria (such as Peptostreptococcus, Streptococcus, and Fusobacterium), while
lactic acid-producing bacteria (such as Lactococcus lactis and Lactobacillus brevis)
were more abundant in adjacent non-tumor tissues. Colonization by Helicobacter pylori,
which is a GC risk factor, also impacted the structure of the microbiota. Enhanced
bacterial purine metabolism, carbohydrate metabolism and denitrification functions were
predicted in the cancer associated microbial communities, which was consistent with
the increased energy metabolism and concentration of nitrogen-containing compounds
in the tumor microenvironment. Furthermore, the microbial co-occurrence networks in
cancerous and non-cancerous tissues of GC patients were described for the first time.
And differential taxa and functions between the two groups were identified. Changes in
the abundance of certain bacterial taxa, especially oral microbiota, may play a role in the
maintenance of the local microenvironment, which is associated with the development
or progression of GC.
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INTRODUCTION

Gastric cancer (GC) is one of the most common malignant
cancers and the third leading cause of cancer-associated death
worldwide (Ferlay et al., 2015; Torre et al., 2015). The incidence
of GC varies by region and race, with a high rate in East
Asia. Both host factors (such as genetic susceptibility) and
environmental factors (such as microbial infections) play crucial
roles in gastric tumorigenesis (Compare et al., 2010). It is
widely accepted that chronic Helicobacter pylori infection, which
leads to enhanced inflammation and disorders of epithelial
structure and function, is closely related to precancerous
lesions such as atrophic gastritis. Nevertheless, only 1–3%
of H. pylori-infected patients develop GC, and GC could
not be completely prevented by the eradication of H. pylori
(Wroblewski et al., 2010). Additionally, during the progression
of GC, H. pylori colonization gradually decreases and even
disappears (El-Omar et al., 1997). Therefore, biological factors
other than H. pylori colonization may play an important role
in the development of cancer and the maintenance of the local
lesion microenvironment.

In recent years, the development of culture-independent
technologies for characterizing microbiota composition has
shed light on the profile of gastric microbiota. Studies have
demonstrated the significant role played by non-H. pylori
microbiota in gastric carcinogenesis in mice (Lofgren et al.,
2011; Lertpiriyapong et al., 2014). In human studies, chronic
H. pylori infection or the use of drugs such as omeprazole
resulted in an elevated intragastric pH level by reducing the
secretion of gastric acid, which allowed the proliferation and
colonization of other bacteria (Mowat et al., 2000; Plottel
and Blaser, 2011). As a result, the microbial balance of the
gastric mucosa ecological niche was disrupted, and increased
nitrosating species raised nitrite and N-nitrosamine levels in the
stomach (Leach et al., 1987). Together, these findings highlighted
the potential role of microbiota other than H. pylori in the
development of GC.

Thus far, our understanding of the complex gastric flora in
human is still limited. A few studies have revealed differences
in the composition and function of the gastric microbiota
between GC patients and control groups. However, there is
no consensus on specific microbial taxa that play important
roles in the pathogenesis of GC. In addition, microbial
changes in the tumor microenvironment remain unclear.
Unlike most previous studies that compared two groups of
individuals, our research focused on the microbiota in the
tumor microenvironment by comparing matched samples from
GC patients. In this condition, the influence of the external
environment and the genetic effects of the host would be
controlled to some extent. We characterized the variations
in the composition, interaction network and functions of
gastric microbiota in cancerous and patient-matched non-
cancerous tissues, aiming to explore the differential distribution
profile of microbiota in the tumor microenvironment. Our
findings will help to explore the role of mucosa-associated
microbiota in carcinogenesis and in the maintenance of the local
microenvironment in GC patients.

MATERIALS AND METHODS

Study Population and Specimen
Collection
A total of 124 gastric tissue samples, consisting of cancerous
and paired non-cancerous tissues, were obtained from 62
GC patients who underwent subtotal gastrectomy at The
First Hospital of China Medical University between 2012
and 2014. Patients who had received medical treatment
(including probiotics, proton pump inhibitors, antibiotics,
and H2 receptor antagonists) within 1 month, or those
who had received chemotherapy or radiotherapy prior to
the surgery were excluded. Gastric mucosa tissues, collected
from the cancerous lesions and neighboring noncancerous
sites (at least 5 cm away from the tumor site), were
immediately frozen after surgical resections and stored at−80◦C
until further use. Epidemiologic information was obtained
through questionnaire.

DNA Extraction, PCR Amplification, and
16S rRNA Gene Sequencing
Total DNA was extracted using methods as previously
described (Chen et al., 2017). After treating the mucosal
samples with lysozyme, proteinase K, and SDS, we purified
the DNA through multiple steps with phenol-chloroform-
isoamylalcohol, then precipitated the DNA with glycogen,
sodium acetate, and cold isopropanol, followed by cleaning
the DNA with 70% ethanol. Finally, the DNA was dissolved
in TE buffer and stored at −20◦C. The V4–V5 regions of the
16S rRNA gene were amplified by primers 515F, 5′-barcode-
GTGCCAGCMGCCGCGGTAA-3′ and 907R, 5′-barcode
CCGTCAATTCMTTTRAGTTT-3′ (Liu et al., 2018), using
the PCR kit (TransGenAP221-02, Peking; containing the high
fidelity enzyme). PCR was performed as follows: 95◦C for
5 min, followed by 34 cycles of 94◦C for 60 s, 57◦C for 45 s,
and 72◦C for 60 s, with final extension at 72◦C for 10 min.
In order to avoid possible contamination, DNA extraction
and PCR set up were performed in a laminar air flow bench,
illuminated with a UV lamp before use. Two negative controls
(containing DNA extraction reagents and PCR kit reagents)
were amplified and sequenced to assess contamination. The
concentration and length of the PCR amplicons were detected
by 2% agarose gel electrophoresis. PCR products with bright
main strip (approximately 400–450 bp) were chosen for further
experiments. The amplicons in the target region were purified
with Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing
libraries were generated by using DNA PCR-Free Sample
Preparation Kit (Illumina, San Diego, CA, United States)
following manufacturers recommendations and index codes
were added. The library quality was assessed on the Qubit@2.0
Fluorometer (Thermo Scientific) and Agilent Bioanalyzer
2100 system. The libraries were sequenced on the Illumina
Hiseq 2500 platform and 250 bp paired-end reads were
generated. The sequence data have been deposited in the NCBI
Sequence Read Archive (SRA) database with the accession
number PRJNA532731.
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Processing of Sequencing Results and
Taxonomical Annotation
The sequencing data were processed using the Quantitative
Insights Into Microbial Ecology (QIIME, V1.9.1) pipeline as
previously reported (Caporaso et al., 2010). Raw sequencing
reads were assigned to each sample based on the unique
barcode and identified as valid sequences. The low quality
and short sequences were filtered out with the following
criteria (Gill et al., 2006; Fadrosh et al., 2014): sequence
reads with average Phred score ≤19, length less than
150 bp; paired reads having at least one with length less
than 75% of their original length; reads with ambiguous
bases; reads containing mononucleotide repeats more
than 8 bp. Paired-end reads were assembled using FLASH
(version 1.2.7) (Magoč and Salzberg, 2011). Chimeras were
filtered out using UCHIME (v4.2.40) (Edgar et al., 2011).
Sequence clustering analysis was performed using UPARSE
pipeline (Edgar, 2013). Tags with at least 97% identity
were clustered into the same operational classification
unit (OTU; Supplementary Table S1). The Silva Database
was used to annotate taxonomic information for OTU
representative sequences by the ribosome database project
(RDP) Classifier v.2.2.

Microbial Diversity Analysis and Network
Construction
QIIME (V1.9.1) was used to calculate diversity parameters.
Alpha diversity analysis was performed to describe the
richness and diversity of the microbiota in each sample. The
Chao1 and ACE indices were used to estimate community
richness, and the Shannon and phylogenetic diversity
(PD) whole tree indices were applied to measure microbial
diversity. Good’s coverage was used to evaluate the coverage
quality of sequencing results. Beta diversity was measured
by weighted UniFrac distance matrices and Bray–Curtis,
and visualized via principal coordinate analysis (PCoA)
and non-metric multidimensional scaling (NMDS) plots.
Co-occurrence networks were structured by Spearman’s
correlation analysis and visualized using the Cytoscape software
(V.3.0.2., United States).

Functional Prediction of
Mucosal-Associated Microbiota
Functions of mucosal-associated microbiota were predicted
using PICRUSt (Langille et al., 2013). Accuracy of the
predicted metagenomes was evaluated by the nearest
sequenced taxon index (NSTI; Langille et al., 2013). The
enrichment analysis of pathways was performed based
on Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. Additionally, predicted functional genes were
also categorized into clusters of orthologous groups
(COG), and compared across cancer and non-cancer
groups by STAMP (Parks et al., 2014) to identify gene
functions that differentiated bacterial communities in the
two-group comparison.

Statistical Analysis
Continuous variables that were not normally distributed
were represented by inter-quartile range (IQR). Mann–
Whitney U test was used to examine the correlation
between alpha diversity parameters and epidemiological
risk factors of GC. Tests were performed with SPSS 22.0
software (SPSS Inc., Chicago, IL, United States). Analysis
of similarity (ANOSIM) and permutational multivariate
analysis of variance (PERMANOVA) were performed to
test the dissimilarity of beta diversity between groups by
using ANOSIM and Adonis functions of vegan package
in R (version 3.4.1). Linear discriminant analysis effect
size (LEfSe) algorithm (Segata et al., 2011) was used to
identify specific microbial taxa and functions that differed
significantly between groups. Differences with linear
discriminant analysis (LDA) scores >2.0 were considered
significant. The analysis of differences in the abundance of the
microbiota between two groups were also performed using
the DESeq. 2 package in R (Weiss et al., 2017). The White’s
non-parametric t-test was applied to determine statistical
differences of COG between groups by STAMP. P-values
were adjusted by Benjamini-Hochberg false discovery rate
correction for multiple comparisons. P < 0.05 was considered
statistically significant.

RESULTS

Sequencing Results and Basic
Characteristics of the Study Subjects
After PCR amplification, no bands were observed in the
negative controls on the gel. The negative controls both
had <130 reads, and the sequences could not be assembled.
After sequencing and quality control, libraries of 16S rRNA
gene V4–V5 region amplicon sequences from 61 cancerous
and 62 adjacent non-cancerous tissue samples were used
for further analysis, with an average of 67,958 effective tags
per sample. The number of raw reads and effective tags
for each sample are shown in Supplementary Table S2.
At the 3% dissimilarity level, the number of OTUs were
152 (119-200) [median (IQR)] for the non-cancer group
and 221 (177-350) for the cancer group. Good’s coverage
was estimated to ensure quality assessment. All samples had
a value >0.99, suggesting that the sequencing results were
sufficient to represent the bacterial diversity of the bacteria in
the gastric mucosa.

Detailed information regarding individuals included
in the study is provided in Table 1. All cases were
diagnosed as gastric adenocarcinoma. The median age
of the patients was 60 years old. Samples with relative
abundance of H. pylori more than 1% were identified as
H. pylori sequencing positive, while others with relative
abundance less than 1% were identified as H. pylori
sequencing negative as previously proposed (Kim et al.,
2015). Among the patients, H. pylori sequencing-positive cases
accounted for 29%.
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Characteristics of Mucosa-Associated
Microbiota in Cancerous Tissues
Microbial Community Profile of Cancerous Tissues
Proteobacteria was the predominant phylum in the cancerous
samples, followed by Firmicutes, Bacteroidetes, Actinobacteria,
Acidobacteria, and Fusobacteria (Table 2). Overall, 90%
of cancerous samples were dominated by Proteobacteria,
with relative abundance >50% in each case. Four samples
were dominated by Firmicutes or Bacteroidetes, while the
remaining two samples had no obviously dominant phylum
(Supplementary Figure S1).

Correlation Between Cancerous Tissue Microbiota
and GC Risk Factors
We next analyzed the association between GC-related
epidemiological risk factors (such as age, gender, smoking,
alcohol consumption, family history, and H. pylori colonization
status) and the microbiota. Results showed that in tumor tissues,
the alpha diversity of the microbiota, estimated by Shannon index
and PD whole tree, was significantly increased in GC patients

TABLE 1 | Baseline characteristics of the study subjects (n = 62).

Characteristics Median (IQR)/number (%)

Age (years) 60 (52–68)

<60 26 (42%)

≥60 36 (58%)

Gender

Male 46 (74%)

Female 16 (26%)

Family history

Yes 20 (32%)

No 42 (68%)

Drinking

Nondrinker 38 (61%)

Drinker 24 (39%)

Smoking

Never smoker 32 (52%)

Ever smoker 30 (48%)

H. pylori colonization status

Sequencing positive 18 (30%)

Sequencing negative 44 (70%)

IQR, inter-quartile range.

TABLE 2 | The relative abundances of major bacterial phyla in cancerous and
adjacent non-cancerous tissues.

Taxonomy Non-cancer group (%) Cancer group (%) P

Proteobacteria 83.691 78.434 0.084

Firmicutes 1.907 5.568 0.000

Bacteroidetes 0.518 2.339 0.000

Actinobacteria 0.080 0.741 0.000

Fusobacteria 0.041 0.257 0.000

Acidobacteria 0.004 0.314 0.000

The P-value is calculated using Wilcoxon signed-ranks test.

aged over 60 years old compared with that of younger patients
(P = 0.043, 0.022, respectively, Supplementary Table S3). No
significant differences in the microbial richness or community
structure were discovered in relation to the other risk factors.

Ecological Network of Gastric Microbiota in
Cancerous Tissues
Co-occurrence network analysis was used to describe the
interactions among the microbiota in the complex gastric
microbial population. As shown in Figure 1A, the interactions
across the mucosa-associated microbiota mainly occurred among
taxa belonging to the phyla Firmicutes and Proteobacteria, the
two predominant phyla in the taxonomic profiles. Collectively,
co-occurrence interactions dominated in the networks. In
addition, co-occurrence interactions between Helicobacter and
Lachnoclostridium and between Helicobacter and Ezakiella
were also observed in the cancer tissue network. No co-
exclusion interaction was identified in strong correlations
(r > 0.6 or <−0.6).

Characteristics of Mucosa-Associated
Microbiota in Non-cancerous Tissues
Microbial Community Profile of Non-cancerous
Tissues
The gastric microbiota in non-cancerous tissues was also
dominated by Proteobacteria and consisted mainly of the
six main phyla observed in the cancer group. However,
the ranking of phyla differed slightly (Table 2), with a
decreased abundance of Firmicutes, Bacteroidetes, Actinobacteria,
Acidobacteria, Fusobacteria (all P < 0.01), but an increased
abundance of Proteobacteria (P = 0.084) when compared with
the cancer group.

Correlation Between Non-cancerous Tissue
Microbiota and GC Risk Factors
Unlike the cancer group, H. pylori colonization significantly
impacted the composition of the microbiota in the non-
cancerous samples. The H. pylori sequencing-positive group
showed greater bacterial diversity (Shannon index) than the
sequencing-negative group (P = 0.022, Supplementary Table S4).
The differences in microbial structure were assessed by Bray–
Curtis and weighted UniFrac distance matrices. PERMANOVA
showed significant differences between H. pylori sequencing
positive and negative group (Bray–Curtis, P = 0.001; weighted
UniFrac distance matrices, P = 0.004). No significant association
was found between microbial richness or community structure
and the other risk factors.

LEfSe analysis (Segata et al., 2011) was conducted to further
explore the taxa correlated with H. pylori colonization status
in non-tumor tissues (Supplementary Figure S2). In the
H. pylori sequencing-positive group, the enrichment of 15 genera
was observed other than Helicobacter. Among them, Serratia,
Lactobacillus, and Streptococcus were abundant in all non-
cancerous tissues, ranking in the top 20 abundant genera. In
comparison, Pseudomonas aeruginosa and its higher level taxa
from genus to phylum were significantly more abundant in the
H. pylori negative group. In summary, H. pylori colonization
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FIGURE 1 | Co-occurrence network analysis of gastric bacterial genera with correlation coefficient >0.6 or < –0.6 (A) in cancer tissues and (B) non-cancer tissues.
The nodes represent different genera, whose colors indicates different phyla. The size of node shows relative abundance of the genus. Positive and negative
correlations are drawn in red and blue, respectively.

status, which is a well-known epidemiological risk factor for GC,
was closely associated with the composition and structure of the
gastric microbiota.

Ecological Network of Gastric Microbiota in
Non-cancerous Tissues
As observed in the cancerous tissue samples, the interactions
within the microbiota of the non-cancerous samples also

occurred mainly in the two taxonomically dominant phyla,
Firmicutes and Proteobacteria; however, fewer phyla were
involved. The network diagram revealed denser and more
complicated co-occurrence interactions across the microbiota in
the cancerous tissues compared with the non-cancerous tissues,
especially with regard to oral bacteria (such as Streptococcus,
Peptostreptococcus, Fusobacterium, Dialister, and Prevotella)
(Figures 1A,B). However, several co-exclusion interactions
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FIGURE 2 | (A–D) The alpha diversity of the microbial communities in cancer and non-cancer groups. The global microbial structure differs between the two groups
in (E) PCoA plot and (F) NMDS plot. C, cancer group; N, non-cancer group.
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FIGURE 3 | Differential bacteria between the two groups by LEfSe analysis
(LDA scores >3.0). Green indicates taxa enriched in non-cancerous tissues
and red indicates taxa enriched in cancerous tissues. C, cancer group; N,
non-cancer group.

were observed in the non-cancerous tissue network, with
Pseudomonas as the interaction node. These interactions
occurred among Pseudomonas and Serratia, Lactobacillus,
Lactococcus, Staphylococcus, as well as Leuconostoc.

Differential Microbial Taxa of the GC
Tissues Compared With the
Non-cancerous Tissues
Bacterial Taxonomic Richness and Diversity
The cancerous tissues had a significantly higher number of OTUs
than the non-cancer tissues (219 versus 148 OTUs; P < 0.05).
In terms of alpha diversity (Figures 2A–D), compared with
non-cancerous tissues, cancer samples had significantly increased
community richness, which was estimated by Chao1 and ACE
index (both P < 0.001), and diversity, which was estimated by
Shannon index and PD whole tree (both P < 0.001).

Bacterial Community Structure
To analyze differences in microbial community structure between
groups, we assessed the beta diversity (Figures 2E,F). The overall
differences were visualized using PCoA and NMDS plots. The
diversity described in the PCoA plots by the top two principal
coordinates was 75.86% based on weighted UniFrac phylogenetic
distance matrices. The non-cancerous and cancerous samples
were clustered separately, with a significant difference confirmed
by ANOSIM (P = 0.017, Figure 2E). The results of NMDS
analysis based on OTU level also divided samples into two
separate clusters (Figure 2F), suggesting significant differences
in the overall community structure of mucosal microorganisms
between the cancer and non-cancer groups.

Specific Microbial Taxa Associated With GC in the
Cancer Microenvironment
We sought to identify the differential microbiota between the
two sample groups, using two different methods. First, the
LEfSe analysis (Segata et al., 2011) was conducted to identify
the specific taxa responsible for the statistically significant
differences (Figure 3). Overall, 49 taxa were identified as being
differentially abundant between the cancer and non-cancer
samples at the phylum, class, order, family, genus, and species
levels (LDA = 3). 33 of them were enriched in the cancer
group, including the genera Streptococcus, Peptostreptococcus,
Prevotella, Prevotella_7, Acinetobacter, Bacillus, Selenomonas,
Lachnoanaerobaculum, and Sphingomonas and the species
Acinetobacter baumannii, P. aeruginosa, Prevotella oris, and
Prevotella denticola, most of which were oral microbiota. 16 taxa
were enriched in the non-cancer group, including the genera
Serratia, Helicobacter, Niveispirillum, and Lactococcus, and the
species H. pylori, Serratia marcescens, Lactococcus lactis, and
Lactobacillus brevis.

Then, we used the DESeq. 2 package to calculate and compare
the top 20 abundant genera with a median relative abundance
>0.1% between the two groups. In addition to the eight genera
(Peptostreptococcus, Streptococcus, Acinetobacter, Bacillus,
Bacteroides, Sphingomonas, Prevotella_1, and Prevotella_7)
described above as being enriched in the cancer group,
Fusobacterium was also shown to be significantly more abundant
in cancerous tissues. On the other hand, Helicobacter and
Lactobacillus showed significant increase in the adjacent
non-cancerous tissues (Supplementary Table S5).
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FIGURE 4 | Correlation networks of differential bacteria (A) in cancer and (B) non-cancer tissues. A subset of significant correlations with strengths of at least 0.2
were selected for visualization. The size of the nodes correspond to weighted node connectivity (WNC) scores.

To explore the interactions among these differential bacteria,
the network within each group was constructed (Figures 4A,B).
We found that co-occurrence and co-excluding interactions
were significantly different between the two groups. Oral
microbiota including Prevotella, Prevotella_7, Peptostreptococcus,
Streptococcus, and Fusobacterium had higher weighted node
connectivity (WNC) scores in cancerous tissues (Figure 4A),
while Serratia, Lactococcus, and L. brevis, which were identified
above as being enriched in non-cancer group, had higher
WNC scores in non-cancer tissues (Figure 4B). Higher WNC
scores indicated centralities and their important roles in the
interaction network.

Functional Prediction of
Mucosal-Associated Microbiota
Based on 16S rRNA gene sequencing data, PICRUSt was
performed to predict the functional profiling of microbial
communities using the KEGG databases (Langille et al.,
2013). The NSTI scores (0.02–0.13) (Langille et al., 2013)
demonstrated a reasonable prediction accuracy (Supplementary
Table S6). The LEfSe algorithm was used to detect differences
in the functional pathways of the microbiota between the
cancer and non-cancer groups. Several metabolic pathways
were enriched in the cancerous samples, including those
involved in nucleotide metabolism (pyrimidine and purine
metabolism), energy metabolism (methane metabolism),
carbohydrate metabolism (e.g., glycolysis and gluconeogenesis),
etc. (Supplementary Figure S3), while other predicted
pathways were significantly increased in the non-cancerous
samples, such as bacterial motility (motility proteins and
chemotaxis), membrane transport (e.g., secretion system and
phosphotransferase system), lipopolysaccharide biosynthesis
and signal transduction (two component system), etc.
(Supplementary Figure S3).

Given that the accumulation of nitrogen-containing
compounds such as nitrate and nitrite in the stomach can increase
the risk of GC and promote the malignant transformation of
cells in the stomach (Correa, 1992; Alarcon et al., 2017), we
focused on the microbial functions relevant to the metabolism
of nitrogen-containing compounds in the cancerous and
non-cancerous tissues. Compared with the non-cancer group,
metabolic enzymes related to denitrification, including nitrate
reductase (COG1116) and nitrous oxide reductase (COG4263),
were enriched in the gastric microbiota of the cancer group
(Supplementary Table S7).

DISCUSSION

Microbial communities have been universally considered as an
important biological factor in the occurrence and development
of GC. Recent studies have shown the changes in the
microbial populations of GC patients compared with control
groups (Eun et al., 2014; Coker et al., 2018; Ferreira et al.,
2018; Hsieh et al., 2018). However, microbial profiles in
the tumor microenvironment were still unclear. Our findings
confirmed that gastric mucosa-associated microbiota from
cancerous and adjacent non-cancerous tissues established
distinct micro-ecological systems. We observed significant
microbial community disturbances in the cancer lesions, where
the richness and diversity of the microbial communities
increased significantly, the interaction network exhibited greater
complexity, and the relative abundance of H. pylori decreased
compared with non-cancerous tissues. The bacterial taxa
enriched in the cancer group mostly consisted of oral bacteria
(such as Peptostreptococcus, Streptococcus, and Fusobacterium),
while lactic acid-producing bacteria (such as L. lactis, and
L. brevis) were more abundant in the adjacent non-tumor tissues.
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These results suggest that the occurrence and development of GC
disturbs the structure of the endogenous bacterial community,
and that H. pylori might play a limited role in the development
and/or progression of malignant tumors.

Characteristics of Mucosal-Associated
Microbiota in GC and Non-cancerous
Tissues
Changes in localized niches in GC patients result from long-
term interactions among microorganisms, the host, and the
environment. Shifts in gastric acidity and nutrient availability,
as well as the innate immune response all contribute to the
disruption of the microbial ecological balance in GC patients,
leading to the colonization and overgrowth of non-H. pylori
bacteria (Brawner et al., 2014). Gastric microbiota in cancerous
and adjacent non-cancerous tissues were both dominated by
Proteobacteria at the phylum level. The significant differences
between the two groups mainly occurred at the genus and
species level. Oral bacteria such as Fusobacterium, Streptococcus,
Peptostreptococcus, and Prevotella were enriched in cancerous
tissues. On the other hand, Serratia and lactic acid producing
bacteria such as Lactococcus and Lactobacillus were more
abundant in non-cancer group. Importantly, we identified some
differential taxa that have not been reported in gastric microbiota
studies before, such as P. denticola, P. aeruginosa, and Serratia.
Although Streptococcus, Peptostreptococcus, Fusobacterium, and
Lactobacillus have been discussed in recent studies of GC
(Castano-Rodriguez et al., 2017; Hsieh et al., 2018), our research
is the first to identify their abundance differences in the
tumor microenvironment.

Our results highlight the possible pathogenic role of oral
microbiota in GC. The changed acidity environment of GC may
provide increased opportunities for oral bacteria to colonize
the gastrointestinal tract. Previous studies have shown that
oral bacteria were associated with colorectal cancer (CRC;
Nakatsu et al., 2015) and pancreatic cancer (Michaud, 2013),
which attracted widespread attention. Patients with certain oral
pathogens had a higher risk of developing pancreatic cancer
(Ertz-Archambault et al., 2017). There has been no studies
directly analyzing changes in the oral microbiota of GC patients.
A more in-depth investigation is needed to characterize its role as
a driver or passenger in carcinogenicity. Whether oral microbes
could be used as a non-invasive diagnostic marker for GC
requires further studies.

It is noteworthy that Fusobacterium was more abundant in GC
specimens than non-cancerous tissues. Fusobacterium is a genus
of anaerobic bacteria closely related to CRC. Increasing evidence
has shown its roles in carcinogenesis, diagnosis, progression and
prognosis of CRC (Zhang et al., 2018). A recent report revealed
that Fusobacterium species were over-represented in GC patients,
and that it could be used as a diagnostic marker for GC. It
supported our findings, despite being based on a relatively small
cohort (11 GC patients vs. 16 controls) (Hsieh et al., 2018).

Previous reports had shown the significant increase in
the abundance of Lactobacillus species in GC compared
with the control population (Aviles-Jimenez et al., 2014;

Eun et al., 2014; Wang et al., 2016; Castano-Rodriguez et al.,
2017). However, changes in lactic acid producing bacteria in
the tumor microenvironment were previously unknown. We
observed an obvious enrichment of lactic acid producing bacteria
(such as L. lactis and L. brevis) in non-cancerous tissues
compared with cancerous tissues. Lactococcus and Lactobacillus
species are generally thought of as probiotics and considered
beneficial to the host. Reports show that lactic acid production
has immunomodulative, anti-cancer and anti-inflammatory
activities, and is conducive to the eradication therapy of H. pylori
(Kim et al., 2014; Han et al., 2015; Kanayama et al., 2018). Another
noteworthy taxon enriched in the non-cancer tissues here was
S. marcescens, which has not been reported in cancer-related
microbiota research before. Prodigiosin, a secondary metabolite
of S. marcescens, could induce GC cell apoptosis and inhibit
human oral squamous carcinoma cell growth in vitro (Diaz-Ruiz
et al., 2001; Cheng et al., 2017).

Correlation Between Microbial Community
Characteristics and GC Risk Factors
Results of association analyses between epidemiological risk
factors and gastric microbiota revealed an increased Shannon’s
diversity in the older patients (≥60 years old). This may be due
to the overall decline in immunity associated with age, and the
elevated pH caused by local mucosal atrophy, both of which
are conducive to bacterial growth (Sheh and Fox, 2013). We
also showed that sex, smoking, drinking, and family history of
upper gastrointestinal cancer were not significantly associated
with microbial community characteristics. In addition, H. pylori
colonization changed the microbial community structure, with
a significant increase in alpha diversity, which was observed
in H. pylori sequencing-positive group compared with negative
group. This finding is supported by a previous report showing
that the abundance ofH. pylori can remarkably affect the diversity
of the gastric microbiota (Wang et al., 2016). How H. pylori
impacts on the diversity and structure of the gastric microbiota
is not yet understood. Nevertheless, it is plausible that changes
in the gastric niche induced by H. pylori may influence the
colonization and growth of other microbes.

Ecological Networks of Microbial Taxa in
Cancer and Adjacent Mucosal Tissues
The microbiota inhabiting the mucosal surface affects the
development of cancer by altering the metabolome and
regulating cell proliferation and tumor growth (Johnson
et al., 2015). A niche-specific microbial network could
affect the disease-associated microenvironment. A study
has shown stronger interactions among differential OTUs in
the microbiota of GC patients compared with those in patients
with precancerous lesions (superficial gastritis, atrophic gastritis,
intestinal metaplasia) (Coker et al., 2018). We extended previous
work by delineating the interaction networks of microbiota
in cancerous and adjacent non-cancerous tissues. Our results
revealed that the distribution of microbial interactions differed
between cancerous and adjacent non-cancerous mucosae.
In the strong correlation network (r > 0.6 or r < −0.6),
compared with the non-cancer group, more microbial taxa
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were involved in the cancer group. And they formed a denser
and more complex association network, in which only co-
occurrence interactions were observed. This may be due to the
decrease in abundance of H. pylori, the increased abundance
of other microbes in cancerous tissues, and shifts of the
local pathogenic microenvironment. The enrichment of a
larger number of microbial taxa, particularly oral microbes,
in the cancerous samples contributed to the formation of a
disease-specific interaction network. Further, the markedly
increased symbiotic interactions in the cancer group might also
contribute to the maintenance of the tumor microenvironment
and even affect further disease development. Interestingly,
strong co-occurrence interactions formed by Streptococcus,
Peptostreptococcus, Fusobacterium, Dialister, and Prevotella,
showed the centralities of these taxa in the whole cancer group
network. They also played significant roles in the network
constructed of the differentially abundant bacteria. These
results suggest that these oral microbiota may have major
impact on the structure of the microbiota in GC patients,
which deserves further investigations. On the other hand,
several co-exclusion interactions presented in the whole non-
cancer group network, occurred separately between Serratia,
Lactobacillus, Lactococcus with Pseudomonas (as the interaction
node). Moreover, Serratia, Lactobacillus, and Lactococcus
exhibited their centralities in the network constructed of the
differentially abundant bacteria. These findings show their
potential protective effects.

Functional Analysis of
Mucosal-Associated Microbiota in GC
and Non-cancer Tissues
Our work showed differences in the predicted microbiota
functions in cancerous and adjacent non-cancerous tissues.
Purines are rich in the cancer microenvironment, with
the capability of regulating immune cell responses and the
release of cytokines (Di Virgilio, 2012). In this study, the
purine metabolism pathways were enriched in the cancer
group, indicating the metabolism of released purines in
tumor microenvironment by GC microbiota (Coker et al.,
2018). In addition, the microbiota in cancerous tissues had
an increase in denitrification functions compared with non-
cancerous tissues. The abundant nitrate reductase (COG1116)
is associated with bacterial-mediated N-nitrosylation (Hillman,
2004), while the N-nitroso compound is a causative factor in
carcinogenesis. Additionally, several pathways that facilitated
host cell recognition were decreased in the microbiota of
cancerous tissues, such as bacterial movement (bacterial motor
proteins and chemotaxis) and bacterial signal transduction
(membrane transport, etc.). To develop a deeper understanding
of gastric carcinogenesis, further studies are needed to
examine the significance of microbial functional variations
in the GC microenvironment.

Advantages and Limitations
In this study, gastric mucosa samples were obtained from
GC patients undergoing surgical treatment, thus avoiding

possible oral microbial contamination that may occur during
upper digestive endoscopy sampling. Our work provided
insights into the composition, function and interaction
network of the mucosa-associated bacterial community in
the tumor microenvironment, and its links with GC risk
factors. We identified specific genera and species that may
be involved in gastric carcinogenesis and the maintenance
of the tumor microenvironment. However, this study had
several limitations. Firstly, PICRUSt, which was used for
microbial functional assessment, is a predictive method by
nature. Although it has been widely applied in studies of
disease-associated microorganisms, this approach may not
fully reflect the biological functions of the microorganisms.
Furthermore, this study did not include gastric tissues
from individuals without GC for comparison. However,
to a certain extent, this reduced the impact of inter-
subject dissimilarity. In addition, our DNA extraction
protocol did not include a bead-beating step, which was
an extra cell lysis process to destroy the hard-to-break
cell membranes of certain species. A previous study had
compared DNA extraction methods with and without
a bead-beating step. The result demonstrated that the
extraction method without a bead-beating step inevitably
missed some taxa with hard-to-break cell membranes,
however, these taxa were exceedingly rare and would not
have a detrimental impact on the final results (Yu et al.,
2017). The research revealed the correlation between gastric
microbiota and GC, but could not determine the causal
relationship. This will require follow-up animal models and cell
culture experiments.

CONCLUSION

Compared with non-cancerous tissues, mucosa-associated
microbiota in cancer tissues showed significant differences in
distribution profile. The alterations in microbial community
composition, function and ecological network in GC tissues
may be involved in carcinogenesis and the maintenance
of local microenvironment of GC. In future studies, we
would focus on verification using a larger number of
samples and multicentric populations, and extend our work
into cell culture systems and animal models to examine
the pathogenic roles of microorganisms in GC. These
investigations into the mucosa-associated microbiota of
GC patients may contribute to the development of new
strategies for prevention, diagnosis, early intervention, and
treatment of GC.
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Systems biology provides an opportunity to discover the role that gut microbiota play
in almost all aspects of human health. Existing evidence supports the hypothesis that
gut microbiota is closely related to the pharmacological effects of chemical therapy and
novel targeted immunotherapy. Gut microbiota shapes the efficiency of drugs through
several key mechanisms: metabolism, immunomodulation, translocation, enzymatic
degradation, reduction of diversity, and ecological variability. Therefore, gut microbiota
have emerged as a novel target to enhance the efficacy and reduce the toxicity and
adverse effects of cancer therapy. There is growing evidence to show that cancer
therapy perturbs the host immune response and results in dysbiosis of the immune
system, which then influences the efficiency of the therapy. Studies suggest that gut
microbes play a significant role in cancer therapy by modulating drug efficacy, abolishing
the anticancer effect, and mediating toxicity. In this review, we outline the role of gut
microbiota in modulating cancer therapy and the implications for improving the efficacy
of chemotherapy and immunotherapy in clinical practice. We also summarize the current
limitations of the safety and effectiveness of probiotics in cancer therapies such as
personalized cancer therapy.

Keywords: gut microbiome, cancer therapy, immunotherapy, chemotherapy, radiotherapy

INTRODUCTION

Microbial communities have evolved into a diverse array of specialized lineages in order to adapt
to different habitats and which have shaped the evolution of modern life (Dzutsev et al., 2017). The
development of next generation sequencing has made the identification and relative quantitation
of species more precise than can be acheieved by traditional methods. Thus, microbiotic responses
to microenvironmental changes are being elucidated.

Gut microbes have a role in shaping normal and pathologic immune responses to cancer
therapy. A host’s mucosal immune system and microbial communities are coevolutionary,
and multiple mechanisms have been developed for maintaining homeostasis. However, when
pathogenic bacteria disturb this tightly balanced ecosystem, the immune system responds to the
bacteria and may also change the immune response to tumors and the tumor microenvironment
(Gagliani et al., 2014). As surgical treatment and chemotherapy and radiotherapy regimens
become increasingly efficacious, cancer survival rates have dramatically improved in recent decades
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(Siegel et al., 2018). For most patients with advanced disease,
cytotoxic drugs are the mainstay of medical treatment.
However, these drugs can cause considerable treatment-
related morbidity and mortality and unpredictable treatment
response. Idiosyncratic adverse effects, acquired resistance, and
high costs are issues for targeted therapies. Intestinal microbiota
can provide a novel way to enhance the efficacy and reduce
the toxicity of current chemotherapeutic drugs and improve
sensitivity to immunotherapy.

The host’s diet feeds and shapes the microbiome to satisfy
the nutritional needs of the host (Dzutsev et al., 2017). In the
metaorganism, crosstalk between host and commensal microbes
is beneficial to the maintenance of physiological homeostasis
(Dzutsev et al., 2017). It is widely accepted that microbiota
at the epithelial barrier affect host systemic functions such
as nutrition, metabolism, energy balance, inflammation, and
adaptive immunity (Cryan and Dinan, 2012; Zeevi et al., 2015).
The microbiota do not usually elicit a proinflammatory immune
response because the host mucosal immune system coevolves
with commensal organisms. Hosts have developed multiple
mechanisms to maintain ecological balance.

When pathogenic bacteria disturb this balanced ecosystem
and impair these mechanisms, the responses of the immune
system to the microbiota may also change the immune response.
Gut microbes can, therefore, shape normal and pathologic
immune responses to cancer therapy. Recent human clinical
studies, meta-analyses of clinical studies, and preclinical studies
using cell culture and animal models have revealed that gut
microbiota play various roles in the host response to different
anticancer drugs. One of the central mechanisms may be
immunomodulation. Dysbiosis may be both the result of tumor
therapy and the cause of differential responses to tumor therapy
(Bhatt et al., 2017). Here, we outline how gut bacteria influence
the effects of chemotherapy and immunotherapy (Table 1).

GUT MICROBIOTA AND THE
EFFICIENCY OF CANCER THERAPIES
(INCLUDING CHEMOTHERAPY,
RADIOTHERAPY, AND
IMMUNOTHERAPY)

Immunotherapy
Immunotherapy has been very successful in the treatment of
cancer. Identification and killing of tumor cells partly depends
on T cell-mediated cellular immunity. T cells, through T cell
receptors (TCR), combine with a specific antigen of the major
histocompatibility complex (MHC) on the surface of tumor cells.
The interaction of TCR and MHC molecules is controlled by
a series of immune checkpoints, with costimulatory signals and
coinhibitory signals that can activate or inhibit T cells. Cytotoxic
T lymphocyte-associated protein 4 (CTLA-4), programmed cell
death 1 (PD-1), and PD-1 ligand (PD-L1) are coinhibitory
molecules that can restrain the immune response to prevent
autoimmune diseases. In the tumor microenvironment, stromal
cells and cancer cells often overexpress coinhibitory ligands

and receptors. PD1 and its ligand PD-L1 play important roles
in immune tolerance. Their binding can transmit coinhibitory
signals that inhibit the immune activity of T cells and can
cause immune escape of tumor cells (Sharma and Allison, 2015).
To date, CTLA-4 and the PD-1/PD-L1 axis (mAb-mediated
blockade of two checkpoints) have produced the greatest clinical
success (Sharma and Allison, 2015). Monoclonal antibodies
against PD-1 (nivolumab), PD-L1 (pembrolizumab), and CTLA-
4 (ipilimumab) have already received FDA approval for
several cancers. These monoclonal antibodies can reactivate the
patient’s own immune response against tumors. These antibodies
have been highly effective for treating Hodgkin lymphoma,
melanomas, kidney cancer, lung cancer, and bladder cancer.
Although these findings are promising, patients’ responses
to checkpoint inhibitors have considerable inter-individual
variation, as seen with other cancer therapies (Vétizou et al.,
2015; Pitt et al., 2016a,b). The cause of this heterogeneity in
response remains unclear, however, and elucidating the cause
could boost the efficacy of treatment and expand the respondent
population. Interestingly, recent human clinical studies and
preclinical trials have suggested that the efficacy of checkpoint
inhibitors is affected by patients’ gut microbiota. The observed
variation in clinical responses may be explained by the interaction
between the gut microbiota and immune checkpoint inhibitors
(Sivan et al., 2015; Vétizou et al., 2015).

Sivan et al. (2015) used mouse models of melanoma and
found that gut microbiota accounted for the variation in clinical
responses to immune checkpoint inhibitors. They noted that
different laboratory mice had different tumor growth speeds and
that tumors grew more slowly and responded more effectively
to anti-PD-L1 in Jackson Laboratory (JAX) mice than in
Taconic mice. These mice had the same genetic background, but
their microbial compositions were distinct. When JAX donors’
fecal microbiota was transplanted into Taconic recipients, anti-
PD-L1 antitumor efficacy was enhanced. Bifidobacterium was
identified as being crucial, and feeding Bifidobacterium alone
could enhance anti-PD-L1 efficacy by reactivating dendritic cells
that boosted CD8-positive T cell responses to defeat tumors
(Sivan et al., 2015).

Zitvogel et al. (Routy et al., 2018) revealed an interesting
phenomenon in which antibiotics made patients relapse sooner
and shortened their survival. Patients who did not receive
antibiotics before, or soon after, anti-PD1 had a better response
to anti-PD-L1 (Routy et al., 2018). Based on an analysis of the
microbiota composition of 100 lung and renal cancer patients
treated with anti-PD1 gut microbiota in both Europe and the
United States, the bacterial species Akkermansia muciniphila was
shown to be significantly more abundant in anti-PD1 responders
(R) than non-responders (NR) (Routy et al., 2018). To determine
whether gut microbiota play a key role in the different responses
to anti-PD1, the researchers transplanted the patients’ fecal
microbiota into antibiotic-treated mice or germ-free mice and
noted that these mice acquired the same ability to respond to
immune checkpoint blockade (ICB). The studies also showed a
higher frequency of Enterococcus hirae in R patients and a trend
of higher representation of Corynebacterium aurimucosum and
Staphylococcus haemolyticus in NR patients (Routy et al., 2018).
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TABLE 1 | Summary of the effects of gut microbiota on tumor treatment.

Therapy Side effect Relevant mechanism

Irinotecan Diarrhea Microbiota can reactivate SN38 by secreting b-glucuronidase enzymes (Lin et al., 2012)

Doxorubicin Intestinal mucositis Significant changes in microbiota occur in the oral cavity and the intestinal tract
(Napeñas et al., 2010; Rigby et al., 2016)

5-FU Intestinal dysbiosis Staphylococcus and Clostridium species increase and Bacteroides and Lactobacillus
decrease (Stringer et al., 2009b)

Ionizing radiation therapy Oral mucositis, enteritis, colitis, diarrhea and
bone marrow failure

RTX alters the microbiota composition, breaks the intestinal barrier and causes
apoptosis in intestinal crypts (Barker et al., 2015)

Total body irradiation Radiotherapy toxicity The expression of ANGPTL4 is restrained by the gut microbiota to induce apoptosis in
endothelial cells of the intestinal mucosa (Crawford and Gordon, 2005)

NR patients’ fecal microbiome could not replicate the mouse
response to anti-PD1, but the unresponsiveness could be rescued
by gavage with A. muciniphila alone or in combination with
E. hirae (Routy et al., 2018). A. muciniphila can cause IL-
12 production and increase gut-tropic CD4+ T cells, which
express the chemokine receptor CCR9 in tumor beds, tumor-
draining lymph nodes, and mesenteric lymph nodes to exert
an adjuvant effect on the anti-PD1 response. A. muciniphila is
an elliptic gram-negative bacterium that preferentially colonizes
the mucus layer of the gut. Studies have shown that metformin
improves the abundance of intestinal A. muciniphila (Lee
et al., 2017). These findings suggest that metformin could
be used to increase the sensitivity of tumor patients to
immune checkpoint inhibitors. Additional research is needed to
confirm this finding.

Wargo et al. (Gopalakrishnan et al., 2018) at the MD Anderson
Cancer Center explored Faecalibacterium species enriched in
R patients by 16S rRNA gene sequencing in 25 samples
from melanoma patients treated with anti-PD1 (Vétizou et al.,
2015; Gopalakrishnan et al., 2018). Faecalibacterium showed a
significant positive correlation with progression-free survival,
while Bacteroidales increased the risk of relapse. Patients with a
higher abundance of Faecalibacterium at the treatment baseline
had preexisting anticancer immune responses, and a higher
number of cytotoxic CD8 + T cells were found to have
infiltrated the tumor bed. This result could be replicated in a
mouse model. In a similar case, Gajewskis et al. (Matson et al.,
2018) (University of Chicago, IL, United States) analyzed 38
fecal samples from metastatic melanoma patients undergoing
anti-PD1 treatment and identified that Bifidobacterium longum,
Enterococcus faecium, and Collinsella aerofaciens contributed to
a better prognosis. Germ-free mice with an R patient fecal
microbiota transfer had better tumor control and responded
more strongly to anti-PD-L1 (Matson et al., 2018).

Together, these studies demonstrate that the response to
ICB (PD1/PDL1) is regulated by gut microbiota (Figure 1).
From these studies, we can conclude that at least three species
(Bifidobacterium, A. muciniphila, Faecalibacterium) play an
immune adjuvant role in the immunotherapy of PD-1. There
may be more bacteria that play important roles in promoting
or inhibiting the efficacy of checkpoint inhibitors, but these
hypotheses need to be further examined. Overall, we can
conclude that a healthy and diverse microbiota and the presence
of some bacterial species contribute to the antitumor immune
response. The efficacy of ICB was reduced when patients received

antibiotic treatment before or soon after immune therapy. This
finding provides new insight and ideas for the use of antibiotics
in clinical treatment. In addition, it is obvious that not only single
species but also the ecology and metabolism of the gut microbiota
affect the response to immune therapy. It is possible that a new
therapy targeting the microbiota could be developed to improve
cancer treatment.

In terms of CTLA4, Vétizou et al. (2015) found that the
microbiome experienced a rapid change when patients received
anti-CTLA-4 and that the abundance of Bacteroidales and
Burkholderiales decreased, while that of Clostridiales increased
in the gut (Vétizou et al., 2015). Germ-free mice had a minor
response to anti-CTLA-4 immunotherapy, but oral feeding of
either Bacteroides thetaiotaomicron or Bacteroides fragilis to
germ-free mice restored the therapeutic response to anti-CTLA4.
Studies revealed that B. thetaiotaomicron and B. fragilis can
trigger dendritic cell maturation and modulate IL-12–dependent
TH 1 responses in the tumor-draining lymph nodes (Cramer
and Bresalier, 2017). While the monoclonal antibody against
CTLA-4 is effective, ipilimumab can cause subclinical colitis.
Many factors contribute to such side effects, such as host
homeostasis, immune response, and microbiota. The abundance
of Bacteroidetes in new-onset, immune-mediated colitis patients
who were administered anti-CTLA-4 therapy was significantly
lower than in colitis-free individuals receiving ipilimumab
(Dubin et al., 2016). The oral feeding of B. fragilis and B. cepacian
to mice can restore the response to anti-CTLA4 and significantly
decrease the extent of immune-mediated colitis. However, a
single administration of either B. fragilis or B. thetaiotaomicron
failed to produce the same effect. Moreover, Dubin et al.
(2016) similarly revealed that the Bacteroidetes phylum plays
a protective role against ipilimumab-associated colitis (Dubin
et al., 2016). When germ-free mice receiving anti-CTLA-4
mAb were monopolized with B. fragilis, plasmacytoid DCs
accumulated and matured in mesenteric lymph nodes, which
promoted ICOS + Treg cells to proliferate in the lamina propria
(Dasgupta et al., 2014; Vétizou et al., 2015). This may be a
possible mechanism for the protective role of B. fragilis against
ipilimumab-associated colitis.

Individual antibiotics play an important role in the
immunotherapy of tumors and even affect the curative
effects of immune agents by changing the composition
of the gut microbiota. For example, when mice were
administered vancomycin, the efficacy of CTLA-4 blockade
was enhanced because vancomycin preserved the gram-negative
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FIGURE 1 | Intestinal microbiota influence the therapeutic effect of drugs on tumors by regulating the immune system. The gut microbiota enhance anti-PD-L1
efficacy by reactivating dendritic cells. Dendritic cells can boost CD8-positive T cell responses and increase the number of gut-tropic CD4 + T cells to defeat tumors.
Also the gut microbiota can trigger dendritic cell maturation and modulate IL-12–dependent TH 1 responses to restore the therapeutic response to anti-CTLA4. The
microbiota are associated with side effects of immunotherapy (Supplementary Table S1). When germ-free mice receiving anti-CTLA-4 mAb were monopolized with
B. fragilis, plasmacytoid DCs accumulated and matured in mesenteric lymph nodes. Dendritic cells can promote ICOS + Treg cells to proliferate in the lamina propria.
The gut microbiota help CpG-ODNs to promote myeloid cells to secrete proinflammatory cytokines such as TNF and IL-12. TNF and IL-12 induce macrophage and
dendritic cell infiltration to promote a proinflammatory state (Supplementary Table S1). The body develops an antigen-specific adaptive T cell antitumor immunity to
clear tumors in this proinflammatory microenvironment. Some of the intestinal microbiota affect the antitumor efficacy of CP. E. hirae translocation could improve the
intratumoral CD8/Treg ratio. And, the gram-negative Barnesiella intestinihominis was found to improve interferon-c–producing T cell infiltration in cancer lesions to
enhance the antitumor effects of CP (Supplementary Table S1).

Burkholderiales and Bacteroidales and decreased gram-positive
bacteria in the gut (Vétizou et al., 2015). Zitvogel et al. (Pitt et al.,
2017) explored the relationship between microbiota and the
efficacy of anti-CTLA-4 treatment (Pitt et al., 2017). They found
that the therapeutic efficacy of ipilimumab in germ-free mice
largely depended on the gut microbiota, such as the activation
of CD4+ T cells with treatment (Pitt et al., 2017). Ipilimumab
could alter the composition of microbiota at the genus level in
both patients and mice and the dominance of distinct Bacteroides
spp., such as B. fragilis, was necessary for successful treatment
of cancer (Pitt et al., 2017). The feces from patients who had
received ipilimumab treatment led to the recovery of anti-CTLA-
4 therapeutic efficacy in germ-free mice. The researchers found
that B. fragilis did not induce the side effects of ipilimumab
(Pitt et al., 2017). As a result of these observations, we can
conclude that B. fragilis may be used to modulate the efficacy of
anti-CTLA-4 therapy.

Synthetic CpG oligonucleotides (CpG-ON) are ligands
for TLR9 on immune cells, which enhance the immune
response to cancer cells and induce an antitumor effect.
When patients were administered IL-10 receptor antibodies
to prevent the immunosuppressive effects of tumor-infiltrating
Treg cells, the effect of CpG-ON was potentiated (Guiducci
et al., 2005; Stewart et al., 2013). CpG-ONs promote myeloid
cells to secrete proinflammatory cytokines such as TNF and
IL-12. TNF and IL-12 induce macrophage and dendritic
cell infiltration to promote a proinflammatory state and
cause rapid hemorrhagic necrosis. The body develops an
antigen-specific adaptive T cell antitumor immunity to clear
tumors in this proinflammatory microenvironment (Guiducci
et al., 2005). In microbiota-depleted mice, CpG-ODNs and
anti-IL-10R therapy for subcutaneous tumors are largely
inefficient, and tumor-infiltrating myeloid cells cannot produce
proinflammatory cytokines. Microbiota-depleted mice also have
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no efficient antitumor adaptive immunity and experience
strong TNF-dependent hemorrhagic necrosis. However, the
expression of genes encoding inflammatory factors and markers
such as TNF and IL-12 was a major difference between
conventionally raised mice and microbiota-depleted mice when
CpG-ODNs were administered in tumor-infiltrating myeloid
cell subsets. The frequencies of the gram-positive Ruminococcus
and the gram-negative Alistipes genera favor TNF production.
The frequencies of Lactobacillus sp., such as Lactobacillus
fermentum, Lactobacillus murinum, and Lactobacillus intestinalis
are negatively correlated with TNF production (Wallace et al.,
2015). After mice were exposed to antibiotics, the recolonization
of Alistipes shahii induced myeloid cells to produce TNF again
in microbiota-depleted mice, but L. fermentum transplantation
often impaired the TNF production of conventionally raised
mice (Iida et al., 2013). These results indicate that different
bacterial species can have opposite effects, although completely
eliminating the gut microbiota abolishes the ‘training’ of myeloid
cells to respond to CpG-ODNs. Thus, probiotics could help
modulate the response to immunotherapies by changing the
frequencies of individual species.

Chemotherapy
Not unexpectedly, the microbial composition of patients can be
altered by chemotherapy, but it is unclear whether the altered
microbiome affects a patients’ prognosis. According to previous
studies, the efficacy of various conventional chemotherapeutics
can be influenced by some specific microbiota. Currently, the
goals of the pharmaceutical and biotechnology industries are to
improve the efficiency, and reduce the toxicity, of chemotherapy
and immunotherapy in clinical practice. In the near future,
microbial drug targets have the potential to ease the adverse
effects of chemotherapy drugs on the GI tract.

The tumor-retardation effects of oxaliplatin (platinum
chemotherapeutic) depend on microbiota. Oxaliplatin efficacy
was attenuated due to reduced intratumoral ROS generation in
germ-free mice (Iida et al., 2013). Moreover, when people were
treated with antibiotics, the recruitment of immune cells that
are important for mediating tumor regression was decreased,
and their proinflammatory potential also decreased. This finding
suggests that the microbiota mediated immunomodulatory
effects in response to chemotherapeutic compounds.

Cyclophosphamide (CP) is an alkylating agent commonly
used for chemotherapy. CP induces commensals to translocate
into secondary lymphoid organs due to the disruption of the
intestinal barrier and the decrease of small intestinal villus height.
Viaud et al. (2013) found that the antitumor efficacy of CP
was attenuated in germ-free mice or antibiotic-treated mice
(Viaud et al., 2013). The antibiotics selectively working on gram-
positive bacteria significantly reduced CP efficacy compared with
antibiotics targeting gram-negative bacteria. Thus, specific gram-
positive bacteria (E. hirae, Lactobacillus johnsonii, L. murinus,
and segmented filamentous bacteria) were identified as essential
to regulate the antitumor efficacy of CP in a non-metastasizing
sarcoma mouse model. E. hirae translocation has been shown
to improve the intra-tumoral CD8/Treg ratio (Iida et al., 2013).
At the same time, the gram-negative Barnesiella intestinihominis
was found to improve interferon-c–producing T cell infiltration

in cancer lesions to enhance the antitumor effects of CP
(Daillère et al., 2016). Interestingly, when patients with advanced
ovarian and lung cancer have a specific TH 1 cell memory
response to B. intestinihominis and E. hirae, they are predicted
to have longer progression-free survival. Importantly, more
studies should be conducted to find an optimized microbiota
cocktail including Enterococcus and Barnesiella coadministered
with CP and other alkylating agents. In the near future, these
bacterial compounds or their specific products/metabolites that
modulate the immune response may be developed to improve
chemotherapeutic efficacy.

THE ROLE OF GUT MICROBIOTA IN THE
TOXICITY OF CANCER THERAPY
(INCLUDING CHEMOTHERAPY,
RADIOTHERAPY, AND
IMMUNOTHERAPY)

Chemotherapy
Some side effects resulting from chemotherapeutic compounds
are so serious that patients cannot receive a sufficient dose of
compounds or a sufficient duration of treatment. Irinotecan
(topoisomerase I inhibitor) hinders DNA replication, particularly
in rapidly dividing cells, and is administered to treat pancreatic
cancer and CRC. The metabolic process of irinotecan in vivo
is as follows: (1) irinotecan is metabolized from a prodrug into
the active working chemotherapeutic agent SN38; (2) the liver
glucuronidates SN38 into the inactive form SN38-G and excretes
it into the GI tract. In the human gut, microbiota can reactivate
SN38 by secreting b-glucuronidase enzymes that hydrolyze the
glucuronic acid moiety in the GI lumen. Increased SN38 levels
cause serious diarrhea, and patients often need to de-escalate
and frequently adjust doses. Clostridium species decrease from
the initial time of irinotecan therapy to recovery on day 7, but
the abundance of Bifidobacterium and Lactobacillus species is
persistently reduced (Lin et al., 2012). Interestingly, germ-free
mice can receive more doses of irinotecan and exhibit less GI
damage than conventional mice with intact microbiota (Brandi
et al., 2006). Small-molecule inhibitors, which are innocuous to
either human cells or bacteria, inhibit bacterial b-glucuronidases
and do not cross-react with human b-glucuronidases (Wallace
et al., 2010, 2015; Roberts et al., 2013). Preclinical studies
revealed that mice concurrently administered irinotecan and
b-glucuronidase inhibitors were free from irinotecan-induced
diarrhea (Wallace et al., 2010). These findings indicate that
the side effects of multiple chemotherapeutics may diminish
with gut microbiota.

The relationship between intestinal dysbiosis and specific
chemotherapeutic agents has been explored in animal models,
and 5-fluorouracil (5-FU) is one of the best studied agents in
colorectal cancer therapies. 5-FU interferes with the synthesis
of thymidylate and inhibits DNA synthesis during DNA
replication and repair (Longley et al., 2003). Studies have
shown that mice receiving 5-FU chemotherapy exhibit dysbiosis.
Specifically, the abundance of Staphylococcus and Clostridium
species increased and that of Bacteroides and Lactobacillus
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decreased after administration with 5-FU (Stringer et al.,
2009b). Multiple animal studies showed that the abundance of
Enterobacteriaceae (facultative gram-negative bacteria) increased
after either irinotecan or 5-FU therapy (Stringer et al., 2009a;
Takemura et al., 2014). However, these studies relied on targeted
PCR or culture methods and cannot evaluate the influence
of chemotherapy on the extensive gut microbiota. It is still a
challenge to manipulate probiotics to treat intestinal dysbiosis
in 5-FU therapy.

Severe side effects induced by doxorubicin, such as intestinal
mucositis and cardiomyopathy, are related to significant changes
in the microbiota of the oral cavity and the intestinal tract
(Napeñas et al., 2010; Rigby et al., 2016). Studies have revealed
that bacterial muramyl dipeptide prevented doxorubicin-induced
mucosal damage by stimulating NOD2 (Nigro et al., 2014).
Clinical practice shows that adipose tissue and fat metabolism
are influenced in many tumor patients, resulting in cachexia
(Das et al., 2011; de Matos-Neto et al., 2015). Pancreatic beta-
cell mass, uptake of lipids, and adipose tissue inflammation are
regulated by the gut microbiota. Cancer therapy can exacerbate
the serious effects of cancer-induced cachexia (Antoun et al.,
2010; Toledo et al., 2016), but some chemotherapeutic agents can
also directly cause muscle wasting and multi-organ failure that
resemble cancer-induced cachexia (Garcia et al., 2008; Toledo
et al., 2016). We do not completely understand the cachexia
mechanism underlying these conditions, but this observation
raises the possibility that the close relationship between energy
metabolism and gut microbiota could be a therapeutic target,
as the microbiota composition could affect the pathogenesis of
this condition (Bindels and Delzenne, 2013; Klein et al., 2013;
de Matos-Neto et al., 2015). Probiotics can improve body weight
in mice and patients with cancer-associated cachexia (Yeh et al.,
2013; Varian et al., 2016). Recent studies in mice have found
that colonization by the E. coli strain O21:H + in the gut
protects against muscle wasting induced by intestinal damage
(Schieber et al., 2015). Modulation between gut microbiota and
homeostasis could be an effective clinical means to treat cancer-
associated diseases, such as cachexia and anorexia, and adverse
cancer treatment effects. Additional mechanism studies and
rigorous clinical trials are necessary.

Radiotherapy
Ionizing radiation therapy (RTX) is an effective way to
treat tumors based on its genotoxic effect on tumor cells.
Immunogenic tumor cell death can be induced by local
irradiation, and systemic immunity and inflammation are also
promoted (Demaria and Formenti, 2012; Kroemer et al., 2013).
Unfortunately, ionizing radiation also induces some side effects,
including genomic instability, bystander effects on nearby
cells, and systemic radio-associated immune and inflammatory
reactivity (Azzam and Little, 2004). Although there has been
considerable progress in the development of ionizing radiation
therapy, the main limitations are the safety and effectiveness of
RTX and heterogeneity in the therapeutic sensitivity of diverse
cancer types and kinds of side effects with RTX (Deng et al., 2014;
Baird et al., 2016).

Healthy tissues are also damaged by RTX, which is more
obvious in actively proliferating tissues (Barker et al., 2015). RTX

alters the microbiota composition, breaks the intestinal barrier,
and causes apoptosis in intestinal crypts (Barker et al., 2015).
The pathogenesis of oral mucositis, enteritis, colitis, diarrhea,
and bone marrow failure in patients and mice receiving RTX is
associated with alterations in the epithelial surface microbiota
composition (Touchefeu et al., 2014; Ó Broin et al., 2015).
The serious oral mucositis and enteropathy induced by RTX
may limit therapy completion. Some studies have shown that
irradiation-mediated intestinal toxicity is regulated by TLR3
in dsRNA. TLR3 mice receiving ionizing radiation survived
longer and suffered less severe intestinal toxicity compared
with wild type mice, suggesting that suppression of TLR3
signaling may decrease the gastrointestinal damage induced by
radiation (Adams, 2009; Takemura et al., 2014). In contrast,
TLR2-activating microorganisms in mice, such as the probiotic
Lactobacillus rhamnosus GG (Ciorba et al., 2012), have been
shown to protect the intestinal mucosa against radiotherapy-
induced toxicity by driving cyclooxygenase 2-expressing cells
from the intestinal villi to the bottom of the intestinal crypts
and producing ROS to activate the cytoprotective NRF2 system
(Jones et al., 2013, 2015). In some clinical studies, probiotics
have been shown to help prevent radiation-related enteropathy.
Preparations containing B. bifidum, L. acidophilus, Lactobacillus
casei, and the VSL#3 formulation containing Streptococcus,
Lactobacillus, and Bifidobacterium spp. have been proven to
reduce radiation-induced gut toxicity, such as diarrhea (Delia
et al., 2007; Touchefeu et al., 2014). Head and neck cancer
patients who were administered radiation and chemotherapy
treatment and received Lactobacillus brevis oral-treatments
with CD2 lozenges had a lower incidence of mucositis and
greater treatment completion. All of these findings raise the
possibility that probiotics could become an adjuvant therapy for
cancer treatment.

Studies have shown that intestinal microbiota have a
significant effect on total body irradiation (Crawford and
Gordon, 2005). Irradiation drives fewer endothelial cells of the
intestinal mucosa into apoptosis and induces less lymphocyte
infiltration in germ-free mice than in conventional mice
(Crawford and Gordon, 2005). This finding indicates that gut
commensals can play a negative role in resistance to the enteric
toxicity of TBI in germ-free mice. However, the production
of angiopoietin-like 4 (ANGPTL4), a protein inhibitor of
lipoprotein lipase, is one of the major mechanisms resulting in the
resistance of germ-free mice to TBI. The expression of ANGPTL4
is restrained by the gut microbiota in conventional mice
(Crawford and Gordon, 2005). The transcription of Angptl4 is
administered by the PPAR family in response to small chain fatty
acid-producing bacteria (Grootaert et al., 2011; Korecka et al.,
2013). Further exploration revealed that probiotic bacteria that
induce Angptl4 expression include Streptococcus, Lactobacillus,
and Bifidobacterium spp. and these render both germ-free mice
and conventional mice resistant to radiotherapy toxicity.

We can conclude that gut microbiota regulates the response
and repair of irradiation-induced damage. Future research will
be invaluable to inform the alleviation of radiotherapy-collateral
toxicity, the increase of therapeutic effectiveness to better
understand the regulation mechanisms, and the therapeutic
manipulation of commensal microbiota.
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APPLICATION TO CLINICAL PRACTICE

Several clinical trials are ongoing. The “Intestinal Microflora
in Lung Cancer After Chemotherapy” trial was launched by
Shandong University to explore how probiotics modulate the
gut microflora and immune status in lung cancer patients who
need chemotherapy (ClinicalTrials.gov, 2018). Concurrently,
the University of Arkansas carried out a project named “Gut
Microbiome and Gastrointestinal Toxicities as Determinants of
Response to Neoadjuvant Chemo for Advanced Breast Cancer”
(ClinicalTrials.gov, 2018). The goal of this research was to study
whether normal gut bacteria help the body fight cancer. S&D
Pharma Ltd., will conduct a project titled “Prevention of Febrile
Neutropenia by Synbiotics in Pediatric Cancer Patients (FENSY)”
to find new options for increasing the quality of healthcare
for pediatric cancer patients (ClinicalTrials.gov, 2018). Febrile
neutropenia (FN) is a major treatment-related complication
and a life-threatening condition for cancer patients receiving
intensive chemotherapy. One of the main sources of infection
during neutropenia is the endogenous flora. According to existing
human and animal studies, probiotics probably not only decrease
the degree of enrichment of the pathogenic bacteria colonizing
the gut but may also reduce the duration of neutropenia.
Although a significant number of studies have shown that
probiotic treatment is effective, evidence of the safety of
probiotics is still insufficient, especially in immunocompromised
patients. This new study will explore the safety and practicability
of probiotics in cancer treatment (ClinicalTrials.gov, 2018).

PERSPECTIVE

In general, abundant gut microbiota play a regulatory role in
tumor therapy, including enhancing the sensitivity of patients
to immunotherapy, reducing side effects of chemotherapeutic
agents, and lightening radiation injuries. However, the effects
of other mucosal barrier microbes on the body are still not
clear. Many existing studies have revealed mechanisms of
the gut microbiota that affect carcinogenesis, inflammation,
immunity, and therapy response at the local level. However, it
is still not known how microbiota colonizing distant epithelial
barriers regulate not only carcinogenesis and immunity but
also the physiological functions of many organs. Most studies
investigating how microbiota modulate cancer therapy have
been carried out in mice, and how to translate these academic
findings to the clinic is still a challenge. The change in the
monogenus does not explain the mechanisms behind the body’s
corresponding changes. The entire body is affected by the gut
microbiota. Although mice transplanted with human microbiota
have pathological and immune responses similar to humans, they
are not identical to those in humans (Smith et al., 2007). For
example, Bifidobacterium activates immune cells through two
different functional innate immune receptors, TLR2 and TLR9,
in the mouse, but the cellular expression of TLR9 is very different
between mice and humans. TLR9 is expressed on plasmacytoid
dendritic cells and B cells in humans, whereas it is expressed in all
myeloid and dendritic cells in mice (Kadowaki et al., 2001). Thus,

while activation of TLR9 by Bifidobacterium spp. in mice has
immunostimulating activity, we cannot assume the same is true
in humans. Once the most beneficial microbiota compositions in
various clinical conditions have been identified, it may be possible
to use microbiota composition as a biomarker, a diagnostic
tool, or a therapeutic target. Targeted interventions in the
microbiome using probiotics may be used for cancer prevention
in particularly high-risk populations. Several clinical trials are
ongoing. The ultimate goal is to develop a microbe therapy that
both promotes anticancer therapy and reduces systemic toxicity.
Thus, therapeutic intervention targeting the microbiota will be
one of the next frontiers for precise and personalized therapies
for cancer treatment.
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Gut microbiota dysbiosis is closely associated with primary hepatocellular carcinoma
(HCC). Recent studies have evaluated the early diagnosis of primary HCC through
analysis of gut microbiota dysbiosis. However, the relationship between the degree
of dysbiosis and the prognosis of primary HCC remains unclear. Because primary
HCC is accompanied by dysbiosis and dysbiosis usually increases the circulatory
concentrations of endotoxin and other harmful bacterial substances, which further
increases liver damage, we hypothesized that level of dysbiosis associated with primary
HCC increases with the stage of cancer progression. To test this hypothesis, we
introduced a more integrated index referred to as the degree of dysbiosis (Ddys); and
we investigated Ddys of the gut microbiota with the development of primary HCC
through high-throughput sequencing of 16S rRNA gene amplicons. Our results showed
that compared with healthy individuals, patients with primary HCC showed increased
pro-inflammatory bacteria in their fecal microbiota. The Ddys increased significantly in
patients with primary HCC compared with that in healthy controls. Moreover, there was
a tendency for the Ddys to increase with the development of primary HCC, although
no significant difference was detected between different stages of primary HCC. Our
findings provide important insights into the use of gut microbiota analysis during the
treatment of primary HCC.

Keywords: chronic liver diseases, dysbiosis degree, gut microbiota, primary hepatocellular carcinoma, prognosis

INTRODUCTION

Disruption of the gut microbiota (termed “dysbiosis”) is closely associated with the development
of chronic liver diseases (CLDs) in humans and rodent models (Aron-Wisnewsky et al., 2013;
Grice and Segre, 2013; Kamada et al., 2013; Schnabl, 2013; Bajaj et al., 2014a; Grąt et al., 2016;
Houghton et al., 2016; Shen et al., 2017). Several studies have reported that dysbiosis is associated
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with CLDs of different etiologies (Quigley et al., 2013;
Schnabl, 2013; Xie et al., 2016). For example, patients with
chronic hepatitis or decompensated cirrhosis secondary to
hepatitis B infection showed reduced numbers of probiotic
Bifidobacteria and lactic acid-producing bacteria in the
feces, whereas Enterococcus faecalis and Enterobacteriaceae
numbers were higher than those in asymptomatic carriers
and healthy controls (Lu et al., 2011). In addition, using
deep high-throughput sequencing of the 16S rRNA gene
of bacteria, fecal microbial communities from patients
with alcoholic or hepatitis B-related cirrhosis could be
clearly distinguished from healthy controls. Increases in
Streptococcaceae, Veillonellaceae, and Enterobacteriaceae,
accompanied by a decrease in Lachnospiraceae, characterize
the gut microbiota in cirrhosis. The relative abundances
of the Lachnospiraceae and Streptococcaceae families
were negatively and positively related with the Child-
Pugh score in patients with cirrhosis, respectively
(Chen et al., 2011).

Hepatocellular carcinoma (HCC) is a type of advanced
CLD and a long-term consequence of chronic liver injury,
inflammation, and fibrosis (Darnaud et al., 2013). HCC is
the third leading cause of cancer-related death worldwide
(El-Serag and Kanwal, 2014; Yu and Schwabe, 2017).
Approximately 29,200 new HCC cases in men and 11,510
new HCC cases in women were reported in the United States
of America (USA) in 2017 (Siegel et al., 2017). The incidence
in China is worse, with new HCC cases reported in more
than 343,000 men and 122,000 women in 2015 (Chen
et al., 2016). Gut microbiota dysbiosis is closely associated
with HCC, and recently, Ren et al. (2018) reported that
13 genera, including Gemmiger and Parabacteroides,
were enriched in early HCC following progression from
cirrhosis to HCC.

Dysbiosis accompanies the occurrence of HCC and usually
increases the circulatory concentrations of endotoxin
and other harmful bacterial substances, which further
increases liver damage (Yu et al., 2010; Darnaud et al.,
2013; Yu and Schwabe, 2017; Ma et al., 2018). Therefore,
we hypothesized that level of dysbiosis associated with
primary HCC increases with the stage of cancer progression,
suggesting clinical importance in the prognosis of
patients with HCC.

Although dysbiosis is commonly reported in fecal microbiota
from patients with HCC and several methods are available to
evaluate gut bacterial taxa and quantify the degree of dysbiosis
in patients with other CLDs (Lu et al., 2011; Wong et al.,
2013; Bajaj et al., 2014b; Grąt et al., 2015), still no viable
integrated approach to measure the degree of dysbiosis in
patients with HCC. Therefore, it is difficult to assess whether
the dysbiosis becomes more serious with the progression of
HCC. This study introduced a novel integrated index that
could be utilized to determine the degree of dysbiosis in HCC
patients. This new index is called the degree of dysbiosis (Ddys)
and used to identify disparities in the gut microbiota during
the development of HCC, via high-throughput sequencing of
16S rRNA gene amplicons. Our findings provide important

insights into the use of gut microbiota analysis during the
treatment of HCC.

MATERIALS AND METHODS

Inclusion and Exclusion Criteria
The study protocol was approved by the Medical Ethics
Committee of Zhujiang Hospital, Southern Medical University
(approval number: 2017-GDEK-002) and was performed in
accordance with clinical ethics guidelines and the Declaration
of Helsinki and Rules of Good Clinical Practice. Patients
with primary HCC were age-matched to healthy controls and
recruited from five hospitals in Guangzhou, a large modern city
in southern China. All patients and healthy controls provided
informed consent for their participation in the study. No specific
medical intervention was conducted specifically for this study.

Patients with primary HCC were defined as having histological
evidence, radiological evidence, or clinical diagnosis of primary
HCC (Ye, 2009). Primary HCC samples were staged according
to the National Health and Family Planning Commission
of the People’s Republic of China (Zhou et al., 2018).
We excluded patients with an unclear diagnosis of primary
HCC, those with inflammatory bowel disease, those with a
current infection, those on gut-absorbable antibiotic therapy,
those with type 2 diabetes or hypertension, and those with
incomplete clinically diagnostic information. If the above
criteria were met, participants were enrolled in the study
and admitted to hospital following diagnosis. No other
therapy was provided to patients in the 2 months before
fecal sampling. Analysis of the fecal microbiota profiles was
based on prospectively collected stool samples from the
pretherapy period and immediately stored at −80◦C. The
patients were recruited based on their admission time in
the hospital during the study period August 1, 2017 to
November 30, 2017.

We only included age-matched healthy controls
without clinically diagnosable disease and those who
had not taken antibiotics or probiotics in the last
2 months. The healthy controls were recruited as
volunteers for the out-patient physical examinations
occurring during the study period. Analysis of the fecal
microbiota profiles was conducted following the initial
clinical examination and participants lacking clinically
diagnosable disease were accepted for the study as healthy
volunteers, and their stool samples were subjected to
further analysis.

Two reduplicate fecal samples were collected using fecal
collectors synchronously from each participant; one sample was
used to analyze microbial composition and the other reserved for
further testing.

Fecal DNA Extraction and
High-Throughput Sequencing
Fresh fecal pellets (0.3 g) of each participant were used for
microbial DNA extraction. Fecal microbial DNA was extracted
using a PowerSoil DNA isolation kit (Mobio, United States).

Frontiers in Microbiology | www.frontiersin.org 2 June 2019 | Volume 10 | Article 145880

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01458 June 22, 2019 Time: 14:13 # 3

Ni et al. Dysbiosis Related to HCC Prognosis

DNA concentration and quality were checked using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, United States).

The V4–V5 hypervariable region of the prokaryotic
16S rRNA gene was amplified using the universal primer
pair 515F (5′-GTGYCAGCMGCCGCGGTA-3′) and 909R
(5′-CCCCGYCAATTCMTTTRAGT-3′), with a 12-nt sample-
specific barcode sequence included at the 5′-end of the 515F
sequence to distinguish samples (Ni et al., 2017; Huang et al.,
2018; Xiang et al., 2018). Polymerase chain reaction (PCR) was
performed, and amplicons were sequenced using a MiSeq system
at Guangdong Meilikang Bio-Science, Ltd. (China), as described
previously (Huang et al., 2018; Xiang et al., 2018).

The raw sequences were merged using FLASH-1.2.8 software
(Magoc and Salzberg, 2011) and processed using the QIIME
Pipeline 1.9.0 with default parameters (Caporaso et al., 2010).
Chimeric sequences were identified and removed using the
Uchime algorithm before further analysis (Edgar et al., 2011).
The high-quality sequences were clustered into OTUs at 97%
identity using UPARSE (Edgar, 2013). Taxonomic assignments
of each OTU were determined using the RDP classifier
(Wang et al., 2007).

Definition of the Degree of Dysbiosis
In order to quantify the degree of dysbiosis in patients
with primary HCC, we compared the ratio of abundance of
Firmicutes to Bacteroidetes (Wong et al., 2013), the ratio
of abundance of autochthonous taxa to non-autochthonous
taxa (Bajaj et al., 2014b), and the ratio of abundance of
the genus Bifidobacterium to the family Enterobacteriaceae
(Lu et al., 2011) at different stages of primary HCC and
healthy controls, as these ratios were reported associated
with other liver diseases. In addition, we introduced a more
integrated index for measuring the dysbiosis. This index
was calculated based on the relative abundance of seven
types of inherently probiotic bacterial genera with decreased
abundance in the fecal microbiota of patients with CLDs
(Anaerostipes, Bifidobacterium, Coprococcus, Faecalibacterium,
Lactobacillus, Oscillibacter, and Phascolarctobacterium) and 13

potentially harmful bacterial genera that generally increased in
the fecal microbiota of these patients (Akkermansia, Bacteroides,
Clostridium, Dorea, Escherichia, Fusobacterium, Haemophilus,
Helicobacter, Klebsiella, Prevotella, Ruminococcus, Streptococcus,
and Veillonella) (Huang et al., 2004; Fox et al., 2010;
Malaguarnera et al., 2010; Zhang et al., 2012; Ren et al., 2018;
Zmora et al., 2018). The degree of dysbiosis was then calculated
according to the follow formula:

Ddys = 6(log 10[100× RAharmful + 1])

−6(log 10[100× RAprobiotic + 1])

where Ddys was the degree of dysbiosis; RAharmful was the relative
abundance of each harmful bacterial genus; and RAprobiotic was
the relative abundance of each probiotic bacterial genus.

Statistical Analysis
The results for each parameter are presented as the
mean ± standard error for each group. Non-parametric Adonis
tests (Anderson, 2001) were applied to test the significance
of differences among three or more groups using the R vegan
package (Dixon, 2003). The indicator value method (McGeoch,
2007) was used to screen potentially significantly different genera
among the groups. The values were calculated through the R
indicspecies package. Screened genera were verified using the
standard non-parametric Kruskal–Wallis test through R with
the ggpubr package according to a previous report (Li et al.,
2018). The Kruskal–Wallis test was also used to detect the
statistical significance of alpha-diversity indices among patients
with different stages of HCC and healthy controls. Cladogram
layout was drawn using GraPhlAn software (Asnicar et al.,
2015). Box plots were drawn to show the relative abundances of
significantly different dominant phyla or genera among groups
using R software with the ggpubr package. Statistically significant
markers were added to the box plots using Adobe Illustrator
CS5 software according to the Wilcoxon rank sum test results.
Correlation analyses were conducted using R software. Results

TABLE 1 | Basic and physiological data of patients with primary HCC and healthy controls.

Sample ID HCC-I HCC-II HCC-III HCC-IV∗ Healthy

Specimen number 23 13 30 2 18

Age 52.96 ± 2.49 59.31 ± 2.06 52.47 ± 1.41 50.28 ± 2.28

Height (cm) 163.65 ± 1.42 166.38 ± 1.00 165.22 ± 1.25 165.17 ± 1.71

Weight (kg) 63.04 ± 2.23 60.08 ± 2.42 61.88 ± 1.53 65.33 ± 2.54

Body mass index 23.47 ± 0.67 21.73 ± 0.92 22.64 ± 0.45 23.90 ± 0.80

Systolic pressure 122.21 ± 3.94 124.46 ± 5.06 127.34 ± 2.58 134.72 ± 4.68

Fasting blood glucose (mmol/L) 5.08 ± 0.29a 4.79 ± 0.46a 4.74 ± 0.15a 5.83 ± 0.43b

Total bilirubin (µmol/L) 17.97 ± 2.46a 21.64 ± 3.04ab 42.94 ± 8.85b 12.46 ± 1.07a

Albumin (g/L) 37.34 ± 1.39a 36.46 ± 0.87a 35.21 ± 1.04a 41.53 ± 0.85b

Alanine aminotransferase (IU/L) 51.21 ± 6.84a 50.77 ± 6.76a 66.40 ± 11.86a 27.17 ± 5.19b

Primary HCC samples were staged as previously described (Zhou et al., 2018). Results with P-values of less than or equal to 0.05 were considered statistically significant.
Lowercases at the upper right corner of the mean ± standard error showed the statistical significance. ∗The samples from patients with stages III and IV HCC were mixed
together for further analysis because these stages were considered advanced HCC.
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FIGURE 1 | Shannon-Wiener index (A), Simpson’s index (B), and relative abundances of the dominant phyla of fecal microbiota from patients with primary
hepatocellular carcinoma (HCC) and healthy controls (C). Patients with primary HCC were staged as described previously (Zhou et al., 2018). ∗∗p < 0.01; ∗p < 0.05.

with P-values of less than or equal to 0.05 were considered
statistically significant.

Availability of Data
The merged DNA datasets were deposited in the NCBI Sequence
Read Archive database (accession number SRP151835).

RESULTS

Baseline Characteristics Examined for
All Volunteers
In total, 110 fecal samples were prospectively collected from
110 participants and subjected to MiSeq sequencing, and after
a strict exclusion process, 86 samples (23 cases of stage I of
primary HCC; 13 cases of stage II of primary HCC; 30 cases

of stage III of primary HCC; 2 cases of stage IV of primary
HCC; and 18 healthy control individuals) were finally included
for further analysis (Table 1); other samples did not meet
the inclusion criteria. The samples from patients with stages
III and IV HCC were grouped together because these stages
were considered advanced HCC. No significant differences were
detected between the different stages of primary HCC and
the healthy controls with regard to age (Kruskal–Wallis test,
χ2 = 7.62, p = 0.054), height (Kruskal–Wallis test, χ2 = 1.63,
p = 0.652), weight (Kruskal–Wallis test, χ2 = 4.64, p = 0.200),
body mass index (BMI, Kruskal–Wallis test, χ2 = 7.29, p = 0.063),
and systolic pressure (SP, Kruskal–Wallis test, χ2 = 4.45,
p = 0.217). However, fasting blood glucose (FBG, Kruskal–Wallis
test, χ2 = 12.62, p = 0.006) and albumin (Kruskal–Wallis test,
χ2 = 19.02, p < 0.001) were significantly lower in primary HCC
cases with different stages than healthy controls, and alanine
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FIGURE 2 | Circular layout (A) and Cladogram layout (B) depict the top 10 genera found in the fecal microbiota, as well as significantly different genera found in the
gut microbiota among patients with different primary HCC stages and the healthy controls. Primary HCC samples were staged as previously described (Zhou et al.,
2018). Circle colors in the layout (B) show changes in genera within the fecal microbiota of patients expressing different stages of primary HCC, compared with
healthy controls. The genera that were enhanced include yellow (stage I), gray (stage II), light red (stage III), pink (stages I and II), red (stages I and III), dark red (stages
II and III), and black (stages I, II and III). The genera that were reduced by color bright green (stage I), green (stage II), blue (stage III), pale green (stages I and II), light
blue (stages I and III), dark blue (stage II and III), and dark green (stages I, II and III), respectively.

aminotransferase (ALT) was significantly higher (Kruskal–Wallis
test, χ2 = 14.99, p = 0.002). In addition, total bilirubin (TB) was
significantly higher in stage III of primary HCCs than the healthy
controls (Table 1).

Proteobacteria Were Increased in the
Gut Microbiota of Patients With
Primary HCC
After low-quality and chimeric sequences were removed,
5,258,105 (61,140.76 ± 2,723.202) high-quality sequences were
obtained. To eliminate the influence of sequencing depth,
20,293 sequences were randomly sampled for further analysis.
In total, 7,655 operational taxonomic units (OTUs) from 604
genera were identified at 97% sequence similarity. Although
the alpha-diversities of the microbiota from advanced primary
HCC (stage III and IV primary HCC) were significantly reduced
compared with that in healthy controls (Figures 1A,B), no
significant differences were detected between early primary
HCC and healthy controls (Figures 1A,B), consistent with
a previous report (Ren et al., 2018), although they found
that microbial diversity was markedly increased in early
primary HCC versus liver cirrhosis. The OTUs belonged to
38 phyla, with the exception of tiny unclassified sequences
(0–0.19%, 0.004 ± 0.002%). However, only 10 phyla, i.e.,
Actinobacteria, Bacteroidetes, Euryarchaeota, Firmicutes,
Fusobacteria, Planctomycetes, Proteobacteria, Synergistetes,
Tenericutes, and Verrucomicrobia, were the dominant phyla,
with relative abundances of more than 1% in at least one

sample (Figure 1C and Supplementary Figure S1). These
phyla accounted for up to 99.92 ± 0.01% of the analyzed
high-quality sequences. Although the relative abundances of
Firmicutes were not significantly changed in patients with
primary HCC, these Proteobacteria were significantly increased
in patients with stages II and III primary HCC compared
with that in healthy controls (Figure 1C). Because most
pro-inflammatory bacteria come from Proteobacteria and many
probiotic bacteria come from Firmicutes (Stecher et al., 2013; Gao
et al., 2015), this result implied that pro-inflammatory bacteria
accompanied the development of primary HCC. Simultaneously,
many pro-inflammatory bacteria in Proteobacteria, such as
those of Enterobacteriaceae, were indicators of dysbiosis.
Therefore, dysbiosis may worsen with the progression of
primary HCC. To determine which bacterial species led to the
expansion of Proteobacteria, we analyzed the gut microbiota at
the genus level.

The Degree of Dysbiosis Increased in
Patients With Primary HCC
There were 604 genera identified from the 86 fecal
samples. Bacteroides (39.91 ± 2.01%) was the most
dominant genus, followed by Prevotella (6.19 ± 1.36%),
Faecalibacterium (4.83 ± 0.50%), Ruminococcus (4.07 ± 0.52%),
Parabacteroides (3.79 ± 0.43%), Fusobacterium (3.58 ±
0.70%), Escherichia (2.34 ± 0.43%), Roseburia (2.08 ± 0.26%),
Streptococcus (1.84 ± 0.41%), and Blautia (1.76 ± 0.19%).
The top 10 genera accounted for up to 71.75 ± 1.63% of
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FIGURE 3 | Boxplots showing changes by degree of dysbiosis. Description of indices and how they were calculated (A) based on the relative abundance of
Firmicutes and those of Bacteroidetes, (B) based on the relative abundance of autochthonous taxa and those of non-autochthonous taxa, (C) based on the relative
abundance of Bifidobacterium and those of Enterobacteriaceae, and (D) based on seven probiotic bacterial genera (Anaerostipes, Bifidobacterium, Coprococcus,
Faecalibacterium, Lactobacillus, Oscillibacter, and Phascolarctobacterium) and 13 harmful bacterial genera (Akkermansia, Bacteroides, Clostridium, Dorea,
Escherichia, Fusobacterium, Haemophilus, Helicobacter, Klebsiella, Prevotella, Ruminococcus, Streptococcus, and Veillonella). Primary HCC samples were staged
as previously described (Zhou et al., 2018). ∗∗p < 0.01; ∗p < 0.05.

the analyzed high-quality sequences (Figure 2A). In total,
54 genera were found to be significantly different among
groups at the various primary HCC stages or the healthy
controls based on the indicator value and the standard non-
parametric Kruskal–Wallis test. Compared with healthy
controls, Actinomyces, Atopobium, Desulfococcus, Enterobacter,
Paraprevotella, Planctomycetes, Prevotella, Veillonella and many

unidentified genera were enhanced in patients with stage I
HCC. Desulfococcus, Enterobacter, Lactococcus, Leptotrichia,
Paraprevotella, Planctomycetes, Prevotella, Veillonella, and many
unidentified genera were enriched in patients with stage II
HCC. Actinomyces, Atopobium, Desulfococcus, Enterobacter,
Haemophilus, Lactococcus, Leptotrichia, Neisseria, Oribacterium,
Prevotella, Rothia, Selenomonas, Veillonella, and many
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FIGURE 4 | Correlation between the Ddys and the ALT level (A), the TB (B), and the AST (C). The Ddys was calculated based on seven probiotic bacterial genera
(Anaerostipes, Bifidobacterium, Coprococcus, Faecalibacterium, Lactobacillus, Oscillibacter, and Phascolarctobacterium) and 13 harmful bacterial genera
(Akkermansia, Bacteroides, Clostridium, Dorea, Escherichia, Fusobacterium, Haemophilus, Helicobacter, Klebsiella, Prevotella, Ruminococcus, Streptococcus, and
Veillonella). The black dotted lines are the correlation lines. The intervals between the green and blue lines are the confidence intervals.

unidentified genera were multiplied in patients with stage
III HCC (Figure 2B and Supplementary Figure S2). Further,
Desulfococcus, Enterobacter, Prevotella, Veillonella, and many
unidentified genera were increased in all stages of HCC. However,
Acidaminococcus, Cetobacterium, Coprobacillus, Pyramidobacter,
Turicibacter, and two unidentified genera were reduced in
patients with stage I HCC; and Anaerotruncus, Cetobacterium,
and an unidentified genus were decreased in patients with
stage II HCC. Moreover, Acidaminococcus, Anaerostipes,
Anaerotruncus, Butyricimonas, Cetobacterium, Cloacibacillus,
Coprobacillus, Holdemania, Methanobrevibacter, Odoribacter,
Pyramidobacter, Turicibacter, and four unidentified genera
were reduced in patients with stage III HCC. Cetobacterium
was reduced in all stages of primary HCC (Figure 2B and
Supplementary Figure S3).

The ratio of abundance of Firmicutes to Bacteroidetes
(Kruskal–Wallis test, χ2 = 0.413, p = 0.938; Figure 3A),
autochthonous taxa to non-autochthonous taxa (Kruskal–Wallis
test, χ2 = 0.741, p = 0.864; Figure 3B), and genus Bifidobacterium
to the family Enterobacteriaceae (Kruskal–Wallis test, χ2 = 2.942,
p = 0.401; Figure 3C) revealed no significant difference between
primary HCCs at different stages and the healthy controls.
However, this analysis was not comprehensive so this study
created a more integrated index called degree of dysbiosis
(Ddys) and analyzed the Ddys of the gut microbiota at each
primary HCC stage and in healthy controls. Among the 20
common gut bacterial genera that were used to calculate the
Ddys, one essentially probiotic bacterial genus (Oscillibacter)
and two potentially harmful bacterial genera (Akkermansia
and Helicobacter) were not detected in the present study.
The Ddys significantly increased in patients with primary HCC
compared with that in healthy controls. The increase in Ddys
was continued, and a tendency of Ddys to increase emerged
with the progression of primary HCC, although no significant
difference was detected between patients with different stages
of primary HCC (Figure 3D). In addition, although there
was no significant correlation between the Ddys and the ALT

level (log10ALT = 0.065Ddys + 1.533, R2 = 0.044, p = 0.053;
Figure 4A), the Ddys positively correlated with the total bilirubin
concentration (TB = 8.181Ddys + 19.706, R2 = 0.070, p = 0.014;
Figure 4B) and AST level (log10AST = 0.115Ddys + 1.644,
R2 = 0.110, p = 0.002; Figure 4C), which are commonly used to
indicate the liver function.

DISCUSSION

Accumulating evidence has supported the notion that persistent
inflammation leads to HCC (Darnaud et al., 2013). Pro-
inflammatory factors, such as lipopolysaccharide (LPS) and
flagellin, activate the nuclear factor-κB pathway, produce pro-
inflammatory cytokines [tumor necrosis factor-α, interleukin-
6 (IL-6), and IL-1], and lead to liver inflammatory and
oxidative damage (Darnaud et al., 2013). Dysbiosis of the gut
microbiota increases LPS-producing bacteria and changes bile
acid metabolism. Moreover, while controversial (Darnaud et al.,
2013), dysbiosis is considered a promoter of liver inflammation
which could ultimately lead to HCC (Yu et al., 2010; Yu and
Schwabe, 2017; Ma et al., 2018). Therefore, dysbiosis has been
extensively studied in order to characterize the gut microbiome
in patients with HCC, or screen non-invasive biomarkers for
primary HCC, and prevent or adjunctively treat primary HCC
through gut microbiota (Ren et al., 2018).

Many indices are utilized to measure dysbiosis in
patients with CLDs. Lu et al. (2011) reported that the
Bifidobacterium/Enterobacteriaceae ratio may act as an
indicator of the level of dysbiosis over the course of liver
disease progression. Wong et al. (2013) reported that the
abundance of Firmicutes reduced and those of Bacteroidetes
increased in the fecal microbiota of patients with non-alcoholic
steatohepatitis, which implied that the ratio of Firmicutes to
Bacteroidetes could probably be used as an indicator of non-
alcoholic steatohepatitis. In addition, the ratio of autochthonous
to non-autochthonous taxa was calculated as the cirrhosis
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dysbiosis ratio (Bajaj et al., 2014b). However, these indices did
not apply to degree the dysbiosis experienced by patients with
primary HCC in the present study (Figures 3A–C), and thus
a new index was required. Thus, in this study, we introduced
the Ddys index to be utilized as a tool to measure dysbiosis.
Our results showed that the Ddys increased significantly in
patients with primary HCC compared with that of the healthy
controls. Additionally, the Ddys tended to increase as the
HCC stage increased, suggesting that the Ddys may indicate
the degree of dysbiosis in patients with primary HCC. The
ratio of the abundance of Bifidobacterium to Enterococcus
was proposed as a measure of pre-liver transplantation
in gut dysbiosis (Grąt et al., 2015). However, more than
four-fifths of the samples could not detect Enterococcus in
the present study. Thus, we did not include this index in
the present study.

The expansion of taxa from Proteobacteria, especially the
family Enterobacteriaceae, was reported in many cases of
dysbiosis in patients with different diseases (Shin et al., 2015;
Grąt et al., 2016; Hegde et al., 2018). We also found that
the relative abundance of Proteobacteria was enhanced in
the present study (Figure 1C). In addition, many genera of
Proteobacteria, such as Enterobacter and Haemophilus, were
also increased in the fecal samples of patients with primary
HCC (Figure 2B).

In the present study, the proliferated bacteria included into
the calculation of the Ddys were commonly associated with
inflammatory bowel disease (IBD) (Png et al., 2010; Shaw et al.,
2016), irritable bowel syndrome (Bhattarai et al., 2017), liver
tumor development and metastases (Ma et al., 2018; Ren et al.,
2018), gastric cancer (Coker et al., 2018), and colorectal cancer
(Aymeric et al., 2018; Oh, 2018; Shang and Liu, 2018), which
are all associated with dysbiosis. Therefore, the Ddys index could
potentially be used to indicated the degree of dysbiosis in patients
with other diseases, such as IBD and colorectal cancer. However,
further studies are needed to verify the applicability of this index
in these diseases.

CONCLUSION

In conclusion, we introduced the Ddys index to measure dysbiosis
and found that the Ddys was significantly increased in patients
with primary HCC compared with that of the healthy controls.
Additionally, the Ddys tended to increase with the development
of primary HCC, although no significant difference was detected
between patients with different stages of primary HCC. However,
since the Ddys continued to increase in the bacterial genera that
were closely correlated with dysbiosis in primary HCC, further
studies are needed to verify the application of this index for use
in other diseases.
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et al. (2015). The relevance of intestinal dysbiosis in liver transplant candidates.
Transpl. Infect. Dis. 17, 174–184. doi: 10.1111/tid.12352
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Oral squamous cell carcinoma (OSCC) is affected by the interaction between oral
pathogen and holobionts, or the combination of the host and its microbial communities.
Studies have indicated the structure and feature of the microbiome in OSCC tissue and
saliva, the relationships between microbiota and OSCC sites, stages remain unclear.
In the present study, OSCC tissue (T), saliva (S) and mouthwash (W) samples were
collected from the same subjects and carried out the microbiome study by 16S
sequencing. The results showed the T group was significantly different from the S and
W groups with the character of lower richness and diversity. Proteobacteria were most
enriched in the T group at the phylum level, while Firmicutes were predominant in groups
S and W. At the genus level, the predominant taxa of group T were Acinetobacter and
Fusobacterium, and for group S and W, the predominant taxa were Streptococcus
and Prevotella. The genera related to late stage tumors were Acinetobacter and
Fusobacterium, suggesting microbiota may be implicated in OSCC developing. Both
compositional and functional analyses indicated that microbes in tumor tissue were
potential indicator for the initiation and development of OSCC.

Keywords: 16S rRNA gene, microbiota, OSCC, cross-sectional study, salivary and OSCC bacteriome

INTRODUCTION

As one of the largest habitats of microorganisms in human body, the oral cavity contains more
than 1000 different kinds of microbes (Lamont et al., 2018). Within the oral cavity, the distinct
habitats of hard and soft tissues contributed to the heterogeneous microbial communities which
are formed depending on the oral anatomic location (Dewhirst et al., 2010). The dysbiosis of
oral microenvironment was proved to be the cause of or closely related with a number of oral
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diseases (Dewhirst et al., 2010; Ahn et al., 2012; Han and
Wang, 2013; He et al., 2015),such as dental caries, periodontal
disease, periapical and pulp diseases, and oral cancer (Takahashi
and Nyvad, 2008; Zaura et al., 2009; Chen et al., 2010; Yost
et al., 2015). Oral microorganisms and their metabolites also
influence remote tissues and organs through the digestive tract
and periodontal pocket ulceration (Pizzo et al., 2010), which
were reported to associate with digestive system diseases (Warren
et al., 2013), nervous system diseases (Riviere et al., 2002),
cardiovascular diseases (Fåk et al., 2015), diabetes (Fardini et al.,
2010), rheumatoid arthritis (Zhang et al., 2015), premature birth
(Mendz et al., 2013) and were discovered in some malignant
tumors (Meurman, 2010; Farrell et al., 2012). Therefore, the
oral microecology is an important contributor of human
health or diseases.

Oral cancer is one of the most prevalent cancers globally. More
than 90% of oral cancer is squamous cell carcinoma (OSCC),
which developed from the oral mucosa (Kademani, 2007). With
surgery-based treatment, the 5-year survival rates of OSCC are
only approximately 60.0%, which is greatly impact the patients’
quality of life (Jemal et al., 2010). OSCCs could be induced
by alcohol and tobacco consumption, residual root and rough
artificial tooth stimulation, poor oral hygiene etc., which has
become a clinical challenge due to the high prevalence, recurrent
relapse, unpredictable metastasis, oral and maxillofacial damage
(Hooper et al., 2007; Crozier and Sumer, 2010). During the
process of oral carcinogenesis, the local microenvironment is
altered and in the meantime the microbiota composition were
changed (Rivera and Venegas, 2014). The oral pathogens and
the metabolites induced including nitrosamine and acetaldehyde
were reported to stimulate inflammation, promote the cellular
proliferation and inhibit the cellular apoptosis (Hooper et al.,
2009). The composition analysis of oral microbiota between
OSCC patients and healthy volunteers showed the anaerobic
bacteria and acid-resistant bacteria including Porphyromonas
gingivalis, Streptococcus mitis and Fusobacterium were increased
in OSCC tissues, while Firmicutes (mainly Streptococcus) and
Actinobacteria (mainly Rothia) were significantly decreased
(Hooper et al., 2006, 2007). In a comparison of healthy
subjects, Capnocytophaga gingivalis, Prevotella melaninogenica,
and Streptococcus mitis were increased in the saliva of OSCC
patients (Smruti et al., 2012).

Oral microbiota are potential biomarkers for the development
and prognosis of OSCC. The oral pathogens, P. gingivalis and
F. nucleatum, are reported to facilitate cancer progression by
establishing chronic inflammation and disrupt the local immune
response by secreting virulence factors such as FimA and
FadA adhesins (Whitmore and Lamont, 2014). The detection
of P. gingivalis or F. nucleatum are promising indicators of
a poor prognosis. Besides, the divergence and richness of
saliva microbiota increase significantly in oral leukoplakia and
OSCC (Hu et al., 2016). The overall shift of oral microbiota is
another promising diagnostic index for OSCC. Bacteria related
to resistance to chemotherapy or radiotherapy are therapeutic
targets in the treatment of OSCC (Sonis, 2017). However, studies
on the taxonomic characteristic of OSCC tissues and saliva
samples are still inadequate.

To investigate the character of microbiota in different stages
of OSCC and the relationship between OSCC tissue and saliva,
we carried out the oral microbiome study on the resected tumor
tissue, saliva samples. In the present study, 30 subjects were
analyzed and compared based on 16S rRNA gene sequencing.
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) was applied to infer and compare
the potential role of microbiota from different samples of OSCC.

MATERIALS AND METHODS

Ethics Statement
This study was approved by the Institutional Review Board of
Ninth People’s Hospital, Shanghai Jiao Tong University School
of Medicine (ethical approval number: 2016144). All methods
were performed according to relevant guidelines and protocols,
including any relevant details. Written informed consent was
obtained for each participant.

Sample Collection
Samples in this study were obtained from the sharing platform
for the tissue sample and bioinformatics database of oral
maxillofacial tumors1. 30 patients with different stages of cancer
were enrolled without chemotherapy or radiotherapy. Oral
cancer tissue samples were dissected from the site of the tumor
during surgery, and the diameter of each sample was larger
than 3 mm. Saliva and mouthwash liquid were collected pre
surgery and before breakfast, a mouth rinse was performed
twice with 20 ml of 0.9% saline to avoid contamination by cell
debris, and the liquid from the second wash was collected into
a 50 ml test tube. Saliva was collected into a 50 ml test tube
after mouthwash (Corrêa et al., 2017). All samples were stored
at−80◦C within 20 min.

DNA Extraction
DNA extraction was performed with a TIANamp Micro DNA
Kit (TIANGEN BIOTECH CO., LTD.), following the protocol
from a previous study (Guan et al., 2016). A total of 10 ml
saliva, 10 ml mouthwash, and 5 mg OSCC tissues were used
for the bacterial DNA extraction. For saliva and mouthwash
samples, the pallet was transferred to a 1.5 ml Eppendorf tube
after centrifugation. Then, the tube was incubated at 56◦C for
60 min with Buffer GA and proteinase K. The tube was incubated
for another 10 min at 70◦C with Buffer GB and carrier RNA stock
solution. The entire lysate was transferred into Spin Column CR2
(with a 2 ml collection tube) after adding 200 µl of ethanol,
and the contaminants were removed by centrifugation with
500 µl Buffer GD and 600 µl Buffer PW. The pure DNA was
eluted with 50 µl Buffer TB and collected into a new 1.5 ml
Eppendorf tube. The sample was stored at −20◦C before 16S
rRNA gene amplification. For tissue samples, all the specimens
were treated at same time, they were incubated with Buffer
GA and proteinase K for 60 min until fully resolved. The

1http://mdl.shsmu.edu.cn/OMNDB/page/home/home_en.jsp
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following steps were the same as saliva and mouthwash DNA
extraction procedures.

PCR and 16S rRNA Gene Sequencing
The amplification of a V1-V2 hypervariable region of the
16S rRNA gene was performed with universal primers
27F: 5′-AGAGTTTGATCMTGGCTCAG-3′ and 338R: 5′-
GCTGCCTCCCGTAGGAGT-3′ which also contained Illumina
adapter sequences. Barcodes were attached to the 5′ terminus of
the forward primers to multiplex the samples during sequencing.
The PCR was performed in a total volume of 25 µL with 20 ng
of DNA sample and 25 pmol of each primer with 2 × Taq
PCR MasterMix (Tiangen, Beijing, China). The reactions were
initially denatured at 95◦C for 10 min, 6 cycles of denaturation
for 45 s at 92◦C, 50◦C annealing for 30 sec and 72◦C extension
for 1 min, followed by 20 cycles of denaturation for 45 s at 92◦C,
annealing for 30 s at 68◦C and extension 30 s at 72◦C, with
a final elongation for 9 min at 72◦C. The concentration and
purity of PCR products were examined with a NanoDrop2000
spectrophotometer (Thermo Fisher Scientific Inc., Wilmington,
MA, United States). Purification of PCR products was performed
with VAHTSTM DNA Clean Beads (Vazyme Biotech) according
to the manufacturer’s instructions, and the purified PCR products
were pooled afterward with equal nano mole. Sequencing of the
16S V1-V2 region of PCR products was performed by Illumina
MiSeq platform (Illumina Incorporate, CA, United States).

Sequencing and Statistical Analysis
FLASH (Fast Length Adjustment of SHort reads) method
described by Magoč and Salzberg is a software tool to find
the correct overlap between paired-end reads and extend the
reads by stitching them together (Magoč and Salzberg, 2011),
it was adopted for the joining and quality filtering of 16S
rRNA gene paired-end sequencing data set. The Quantitative
Insights Into Microbial Ecology (QIIME, version 1.9.1) software
suite was used for sequence analysis, following the QIIME
tutorial2. The split_libraries_fastq.py command was then applied
demultiplexing of Fastq sequence data. De novo models of
Usearch61 were applied for the removal of chimeric sequences.
Clusters of filtered sequences were referenced to the 2013 Green
genes (13_5 release) ribosomal database’s 97% reference dataset3

with pick_open_reference_otus.py command. UCLUST was used
to cluster unmatched sequences into de novo OTUs at 97%
similarity. Taxonomic annotation of all OTUs was achieved by the
RDP classifier from the reference data set of Green Genes. OTUs
with relative abundance lower than 0.02% or present in less than
20% of samples were excluded. With the alpha diversity and rank
abundance function from the QIIME pipeline, rarefaction curves
and rank abundance curves were calculated from OTU tables
using the alpha_rarefaction.py command. UPGMA clustering
(Unweighted Pair Group Method with Arithmetic mean, also
known as average linkage) was used to calculate the hierarchical
clustering from population profiles with the prevalence and
abundance of taxa based on the distance matrix of OTU

2http://qiime.org
3http://greengenes.secondgenome.com/

abundance. By using the QIIME package, we obtained the results
in a Newick formatted tree. Reads did not match with the
amplicon sequence amplification were discarded to remove the
contamination by host genomic DNA.

Statistical Analysis
The OTU table of raw counts was normalized to an OTU
table of relative abundance values. Same types of taxa were
agglomerated at the phylum, class, order, family and genus
level. Non-parametric Wilcoxon test was used to compare the
biodiversity between classified groups. The test about the alpha
diversity of each groups adopt Kendall’s Tau and Spearman’s
rank correlation coefficients. We used unweighted and weighted
Unifrac distance of even OTU samples to perform Principal
Coordinate Analyses (PCoA) and ANOSIM was used to analyze
the difference among groups. LDA Effect Size (LEfSe) was
performed to find out the differentially enriched taxa between
groups. The functional prediction of microbiota was done with
PICRUSt (Langille, Zaneveld et al., 2013). Only reads identified
in closed reference picking (Greengenes 13_5 database) were
used for the PICRUSt analysis, OTUs were picked at a 97%
percent identity. The reference genome coverage of samples was
also calculated using weighted Nearest Sequenced Taxon Index
(NSTI) score with the -a option in the predict metagenomes.py
script. The graphical representation of the results was performed
by STAMP (Parks and Beiko, 2010).

RESULTS

A total of 4,606,312 raw reads were generated from OSCC
tissue (T), saliva (S) and mouthwash (W) groups as shown in
Table 1, data of four samples from the T group were excluded

TABLE 1 | Patient demographic data.

Variable Total (N = 30) Tissue (n = 26) Saliva (n = 30)

Age, years

Average (range) 58 (33–80) 60 (45–80) 58 (33–80)

Tumor stage

I-II 25 22 25

III-IV 5 4 5

Tumor site

Cheek 6 6 6

Gingiva 4 4 4

Oropharynx 7 6 7

Tongue 10 7 10

Others 3 3 3

Tlcohol

Yes 7 6 7

No 23 20 23

Tobacco

Yes 8 7 8

No 22 19 22

Age, tobacco and alcohol consumption, and tumor information were provided in
the form. The others option of tumor site included temple, mouth floor and maxillary.
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due to insufficient reads. 2,507,184 clean reads were generated
with an average of 29153.302 (std.dev. 932.637) for each subject,
which covered 97.6% across samples on average. The percent of
chimeras was 11.3%. As a result, 12 phyla, 40 families, 63 genera
and 533 OTUs were annotated among the whole samples (also see
Supplementary Figures S1A,B for information about class and
order level).

As shown in Figure 1, the microecological composition of
group S was similar to group W, but different from group T.
T group enriched more Proteobacteria, which contributed to
52% of the taxonomic units, followed by Bacteroidetes (16%),
Fusobacteria (12%), Firmicutes (12%) and Actinobacteria (2%)
on phylum level (Figure 1A). However, Firmicutes was the most
predominant phylum for groups S and W which accounting for
40% and 37% respectively, followed by Bacteroidetes (S: 27%,
W: 26%), Proteobacteria (S: 15%, W: 21%), Fusobacteria (S:
10%, W: 7%) and Actinobacteria (S: 5%, W: 4%) (Figure 1A).
At family level (Supplementary Figure S1C), Enterobacteriaceae
(14%) and Moraxellaceae (12%) were higher abundant in group T,
followed by Fusobacteriaceae (9%) and Campylobacteraceae (6%).
For S and W groups, the top ranked taxa were Prevotellaceae (S:
18%, W: 14%), Streptococcaceae (S: 16%, W: 17%), Veillonellaceae
(S: 9%, W:6%) and Neisseriaceae (S: 8%, W: 9%). At the genus
level (Figure 1B), the most predominant taxa in group T
were Acinetobacter (12%) and Fusobacterium (9%), followed by
Campylobacter (6%) and Prevotella (6%). For groups S and W,
genera Streptococcus (S: 16%, W:17%) and Prevotella (S:18%,
W:14%) accounted for the majority of bacteria, which were only
accounted for 2% and 6%, in group T.

Alpha and Beta Diversity Analysis on
OSCC Tissue, Saliva and Mouthwash
Groups
The alpha diversity of OSCC tissue, saliva and mouthwash groups
was calculated at a maximum depth of 26,605 sequences per
sample based on the Observed Species (Figure 2A), Chao1 index
(Figure 2B), Shannon’s index (Figure 2C) and Simpson index
(Figure 2D). Results showed the alpha diversity in OSCC tissue
was significantly lower than that in saliva and mouthwash while
the taxonomic richness within-samples was more similar between
groups S and W (Figures 2A–D). The beta diversity analysis by
principal coordinates analysis (PCoA) was shown in Figure 3.
The results showed that the phylogenetic distance significantly
separated group T from group W and S in both the weighted
(Figure 3A) and unweighted Unifrac (Figure 3B), the difference
between the group W and S was not statistically significant.
ANOSIM analysis showed that R equalled to 0.75 for weighted
Unicfrac (p = 0.0001) when we compared T group with S and
W groups. The above results showed group T was significantly
different from group W and group S in terms of diversity within
samples and similarity between samples.

A Venn diagram was used to identify the unique and
common genera among all three groups (Supplementary
Figure S1D). The results showed that at the genus level, taxa
of group S were fully covered by group W, and 35 genera
were shared by all three groups in total. There were 13 unique

genera from group T, namely, Deinococcus, Rubrobacter,
Parabacteroides, Chryseobacterium, Sphingobacterium,
Staphylococcus, Lachnospira, Faecalibacterium, Megamonas,
Phascolarctobacterium, Burkholderia, Comamonas, and Serratia.
There were two unique genera in group W, Schwartzia and TG5
from Dethiosulfovibrionaceae.

Taxonomic Level Comparison of OSCC
Tissue, Saliva and Mouthwash Groups
LDA Effect Size (LEfSe) is an algorithm to identify high-
dimensional biomarkers from multiple groups. In this study,
LEfSe analysis was used to identify the different composition of
microbiota and to trace significant biomarkers (LDA > 2). As
shown in Figure 4, the significant taxa at different levels were
exhibited. The enriched taxa in OSCC tissue were aggregated
under Proteobacteria, mainly in family Campylobacteraceae,
Enterobacteriaceae and Moraxellaceae. At the genera level, the
most enriched genus in OSCC was Acinetobacter followed by
Campylobacter. The enriched taxa in saliva and mouthwash
samples were from Firmicutes and Bacteroidetes, expect
members of Neisseriales. Prevotellaceae, Streptococcaceae,
Veillonellaceae were more abundant at family level. The genera
Prevotella and Streptococcus were most enriched in saliva and
mouthwash (Supplementary Figure S2).

Functional Prediction of Predominant
Taxa of OSCC
We used Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt) to infer the
KEGG pathways between the microbiota of group T and groups
S and W. A significant difference was found in the following
KEGG pathways: the OSCC microbiome had a higher abundance
in the p53 signaling pathway (Figure 5A, p = 4.31E-05) and LPS
biosynthesis proteins (Figure 5B, p = 3.09E-09); the S and W
groups were more enriched in the bacterial invasion of epithelial
cells (Figure 5C, p = 4.89E-08) and bacterial toxins (Figure 5D,
p < 1E-10).

Microbial Characteristics Analysis
Among OSCC Stage and Location
In order to verify the relationship between microbial composition
and OSCC in different parts, we first carried out microecological
composition analysis. At the phylum level, the high abundance of
Bacteroidetes and Fusobacteria was detected in tongue tumors,
Firmicutes was enriched in gingiva sites and Proteobacteria
was enriched in oropharynges (Figure 6A, correlation >0.6,
p < 0.05). At the genus level, the most abundant taxa of each
tumor site were Prevotella (tongue), Acinetobacter (oropharynx),
Pseudomonas (gingiva) and Fusobacterium (cheek) (Figure 7A,
correlation >0.8, p < 0.05). The results indicate that the
bacteria associated with tumorigenesis may be different in
different parts of OSCC.

We further analyzed the relationship between microbiota
composition and different stages of OSCC. In the early
tumor stage, the relative abundance of Bacteroidetes and
Fusobacteria were significantly higher, while in the late tumor
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FIGURE 1 | Bacterial composition on phylum (A) and genus (B) levels by OTU analysis. S, saliva group; W, oral wash group; T, tumor tissue group. The leading phyla
were Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria, and Actinobacteria. On the genus level, the predominant genera were Prevotella, Streptococcus,
Veillonella, Leptotrichia, Fusobacterium, etc.
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FIGURE 2 | Alpha diversity analysis against all three groups. Box plots of Observed OTUs (A), Simpson index (B), Shannon’s index (C) and Chao 1 index (D) are
shown. The indexes of groups S and W were higher than group T from the four plots, indicating that the S group and W group had higher alpha diversity than the T
group.

FIGURE 3 | Beta diversity analysis among groups. Weighted (A) and unweighted (B) PCoA plot with respect to the bacterial abundance and composition. In the
weighted PCoA, PC1 explained 34.05% of the variation, and PC2 explained 12.85% of the variation. In the unweighted PCoA, PC1 accounted for 10.09% of the
variation, and PC2 accounted for 4.81% of the variation.

stage, the significant enriched taxa were Firmicutes and
Proteobacteria (Figure 6B, correlation >0.6, p < 0.05). At
the genus level, the most enriched genera in the early OSCC
stage were Campylobacter and Prevotella, while Acinetobacter
and Fusobacterium were more enriched in the late OSCC
stage (Figure 7B, correlation >0.8, p < 0.05). The shared

taxa of different tumor sites (Supplementary Figures S3A,B)
and tumor stages (Supplementary Figures S3C,D) were
analysed, and no significantly enriched taxa were found. We
performed the relative analysis of taxa against alcohol and
smoking, but the relativeness of the taxa was all below 0.4
(Supplementary Figure S4).
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FIGURE 4 | Biomarker analysis. LEfSe analysis between OSCC tissue and saliva, biomarkers from the phylum level to genus level are indicated on the right.

FIGURE 5 | Box plot showing the significantly different KEGG items between group T and groups S and W. Group T had a higher proportion of sequences in TP53
pathways (A) and lipopolysaccharide biosynthesis proteins (B); Groups S and W had a higher proportion of sequences in bacterial invasion of epithelial cells (C) and
bacterial toxins (D).
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FIGURE 6 | Relative analysis of taxa against OSCC tumor sites. The correlations between the microbial profile and tumor sites were performed at the phylum level
(A) and genus level (B), respectively.

FIGURE 7 | Relative analysis of taxa against OSCC tumor stages. The correlations between the microbial profile and tumor stages were showed on phylum (A) and
genus (B) levels.

DISCUSSION

Our study is a pilot report on the microbiota consistency and
diversity in tumor tissues, saliva and oral wash samples from
the same patient with OSCCs. In previous studies, some models
of microbe infection and oral tumourigenesis have already
been established. For instance, HPV is a cause of oral cancer
through the Rb pathway (Hu et al., 2016). Candida albicans
has been reported to have a higher prevalence in patients
with OSCCs and leukoplakia. Infections by P. gingivalis and
F. nucleatum have been proven to cause cancer through pathways
of MMP9 and upregulation of cytokines such as TNF-α, IL-1β,
and IL-6 (Herrero et al., 2003; Whitmore and Lamont, 2014;
Jahanshahi and Shirani, 2015). However, the understanding of
the relationship between the shift in oral microbiota and OSCC
pathogenesis is still not fully established (Hu et al., 2016). Studies
have been performed to analyze the microbial diversity between
OSCC patients and healthy subjects using saliva or cancer tissue
samples, but the relationship between microbiota in OSCC and
oral cavity fluid was not clear.

The OSCC microbiota is spatially divided into two subgroups:
the superficial and deep portions of the tumor tissue. The oral
wash samples were included in this study as a supplement to the
saliva and shed, during the sample collection, saliva was collected

after rinse of the whole mouth, we supposed that mouthwash
may have better contacts with tumor site, however, they showed
similar properties to saliva microbiota (Figures 1, 3). Thus,
the saliva and mouthwash data were combined in the following
analysis. Several studies have reported an increase in Fusobacteria
in OSCC (Schmidt et al., 2014), which was consistent with the
high level of Fusobacteria in our research, especially in the late
tumor stage. The results showed that Proteobacteria was the
most predominant phyla in OSCC tissue, and a previous study
indicated that the relative abundance of Proteobacteria in oral
cavity mucosa was less than 20% (Schmidt et al., 2014). The
percentage of Firmicutes was lower in OSCC tissue than in
the S and W groups. The relative abundance of Proteobacteria
in group T was as high as 52% (Figure 1A), the richness was
largely contributed by Acinetobacter and Campylobacter, but
this was not observed in other studies. Since the Proteobacteria
subgroups are mainly anaerobic and facultative anaerobic
bacteria (Ringel et al., 2015), the inner tissue would be a suitable
microenvironment for the colonization and growth of these
bacteria. At the genera level, extremely low abundance of
Streptococcus and Rothia were observed (Figure 1B), which
was in agreement with previous research (Pushalkar et al.,
2012). The high levels of Fusobacterium, Acinetobacter and
Campylobacter were thought to be associated with local infection
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and inflammation. The top 10 taxa that differentiate OSCC tissue
from saliva were p_Proteobacteria, c_Gammaproteobacteria,
o_Pseudomonadales, o_Enterobacteriales, f_Moraxellaceae,
g_Acinetobacter, o_Burkholderiales, c_Epsilonproteobacteria,
o_Campylobacterales and g_Campylobacter (Figure 4, ranked by
LDA value from large to small). There is an immune suppression
in a patient with advanced cancer, for instance, the accumulation
of Pseudomonadales is related to several oral diseases, and
Enterobacteriales and Acinetobacter are often observed in
infections in the intestinal and urinary tract (Fouts et al., 2012;
Peters et al., 2016); we speculated that the increase in these taxa
in OSCC tissue was a signal of immune system depletion.

Our results indicated that there were unique genera in
cancer tissue that were not detected from saliva or mouthwash
(Supplementary Figure S1D). Deinococcus is known for its
robust survival ability against ionizing radiation and oxidative
stress. Species of the Deinococcus genus utilize their highly
conserved helicase RecQ to precisely recover the genome from
damage (Cox and Battista, 2005). Members of the Rubrobacter
genus have similar antioxidant activities (Pavlopoulou et al.,
2016). There were also genera found to be infectious, such
as Chryseobacterium, Sphingobacterium, Staphylococcus, Serratia,
and Burkholderia. For instance, in the Chryseobacterium genus,
C. meningosepticum and C. indologenes are more commonly
observed in human infections, and they usually cause meningitis
and pneumonia, respectively, especially in patients with an
impaired immune system (Nordmann and Poirel, 2002). On
the other hand, we also noticed that all of these bacterial
groups were typically involved in nosocomial infections, which
were possibly attached during incision. Fecal bacteria such as
Parabacteroides, Lachnospira, Faecalibacterium, Megamonas, and
Phascolarctobacterium were also detected in the cancer tissue
group, some of which were found to be more enriched in colon-
rectal cancer (Kverka et al., 2011; Chen et al., 2012; Thomas
et al., 2016; Zeng et al., 2016). The presence of these unusual
taxa probably worsens the local inflammation of the OSCC inner
micro environment.

To study the potential roles of microbiota in OSCC tissue
and saliva sample, we performed a series of functional analyses
(Wang and Ganly, 2014; Yang et al., 2018). By applying PICRUSt
pathway analysis, we examined the capability of microbiota
in epithelial cell invasion, bacterial toxin production, LPS
synthesis protein and the p53 signaling pathway (Figures 5A–
D). Overall, based on the proportion of sequences, group T had
more sequences related to functions affecting the p53 signaling
pathway and genes for LPS synthesis, while groups W and
S were better at penetrating the epithelial cell and producing
bacterial toxins. LPS may act as an effector molecule in shift
oral epithelial cell to cancer (Gholizadeh et al., 2017). The p53
tumor suppressor gene is well known in oral cancer and mutated
in 50% of oral cancer patients, the p53 signaling pathway is
essential for regulation of cell cycle progression, differentiation,
DNA repair and apoptosis (Sinevici and O’sullivan, 2016). In
Greathouse’s study (Greathouse et al., 2018), they established
the microbiome-TP53 gene interaction in human lung cancer
tissue, and the higher abundance of certain taxa, including
Acidovorax, were associated with TP53 mutation in squamous

cancer cells. Perera et al. (2018) suggested that compositional
studies showed inconsistency among results, and functional
predications were useful tools to examine the bacteriome in
OSCC. In our study, the functional predication indicated
that in OSCC tissues, the microbiota were more involved
in LPS synthesis and escape of host cell cycle arrest, which
were potential risk factors for OSCC, while in saliva, the
microbiota functions were more enriched in penetrating cells
and secreting toxins, which worsened the micro-environment.
Considering that the functional analysis in 16S rRNA gene
sequencing is based on bacteria at the genera level by targeting
variable regions, which could not reflect the bacterial gene
function and activity very precisely, metagenomic sequencing
and co-culture with cell lines are needed in future studies
(Wang et al., 2015).

CONCLUSION

In conclusion, this cross-sectional study illustrated the
comparison between microbiota in OSCC and saliva samples
collected from the same subjects. In OSCC tissue, the most
abundant taxa were Acinetobacter and Fusobacterium, they
were also found predominantly in the late stage of OSCC, their
ability of causing infection and local inflammation were potential
facilitator of OSCC progress. The microbiota composition in
mouth wash samples were similar to saliva samples, but both of
them were distinct from OSCC tissue. The PICRUSt pathway
analysis suggested the role of OSCC and saliva microbiota,
respectively. There were several limitations of this study: (1)
Restricted by the resolution of the 16S technique, the similarity
of OTUs was set to 97%, which was not accurate enough to
differentiate members at the species level with limited functional
information, and the amplification biases may lead to inaccuracy
of the result; (2) In our study, we only included 30 subjects,
which was still a small sample size. An enlarged group size will
be needed in future validation studies. Strategies such as whole-
genome shotgun sequencing and metabolomics will be used to
achieve a more detailed analysis. Longitudinal research will be
performed to study the relationship between oral microbiota
shift and OSCC progress.
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FIGURE S1 | Compositional analysis of taxa at the class level (A), order level (B)
and family level (C). (D) Venn diagram showing the number of shared and unique
species of each group at the genus level.

FIGURE S2 | The most enriched genera in group T or S and W group.

FIGURE S3 | The shared taxa of different tumor sites (A,B) and tumor
stages (C,D).

FIGURE S4 | The relative analysis of taxa against smoking and drinking history of
patients, the relation with OSCC tissue (A) and saliva (B) sample were showed.
∗Means between 0.05 and 0.1, ∗∗stands for less than 0.05.
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The salivary microbiota is constantly swallowed and delivered to the digestive tract.
These bacteria may be associated with gastrointestinal diseases. This case-control
study examined the salivary microbiota in patients with digestive tract cancer (DTC) and
evaluated their differential distribution based on the cancer sites. We collected saliva
samples from 59 patients with cancer in any part of the digestive tract (tongue/pharynx,
esophagus, stomach, and large intestine) and from 118 age- and sex-matched control
subjects. There was no significant difference in periodontal status between DTC patients
and control subjects (P = 0.72). We examined the bacterial diversity and composition
in saliva by 16S ribosomal RNA gene sequencing. Salivary bacterial diversity in DTC
patients was significantly higher than that in control subjects [number of operational
taxonomic units (OTUs), P = 0.02; Shannon index, P < 0.01; Chao1, P = 0.04]. Eleven
differentially abundant OTUs in DTC patients were identified using the linear discriminant
analysis effect size (LEfSe) method. Based on the cancer sites, the diversity of salivary
bacteria was especially higher in tongue/pharyngeal or esophageal cancer patients than
in control subjects. Among the 11 differentially abundant OTUs in DTC patients, an
OTU corresponding to Porphyromonas gingivalis was more abundant in the saliva of all
groups of DTC patients compared to that in control subjects, and an OTU corresponding
to Corynebacterium species was more abundant in all groups other than gastric cancer
patients (P < 0.01). In addition, the relative abundances of OTUs corresponding to
Fusobacterium nucleatum, Streptococcus parasanguinis II, and Neisseria species were
significantly higher in tongue/pharyngeal cancer patients compared to their abundances
in control subjects (P < 0.01). The relative abundance of an OTU corresponding to the
Neisseria species was also significantly higher in gastric cancer patients and that of an
OTU corresponding to Actinomyces odontolyticus was significantly higher in colorectal
cancer patients (P < 0.01). These results suggest that the salivary microbiota might be
associated with various digestive tract cancers.

Keywords: saliva, oral microbiota, digestive tract cancer, tongue cancer, pharyngeal cancer, esophageal cancer,
gastric cancer, colorectal cancer
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INTRODUCTION

The digestive tract comprises the oral cavity, pharynx, esophagus,
stomach, and intestine. It has an indispensable role in the
digestion and absorption of nutrients in the human body.
Digestive tract cancer (DTC) is a malignant disease and is one
of the most common cancers worldwide. In Japan, approximately
300,000 individuals are diagnosed with DTC annually (Hori et al.,
2015). Among Japanese females, colorectal and gastric cancers
are the first and fourth leading causes of cancer-related deaths,
respectively, while among Japanese males they are the third and
second leading causes, respectively (Ministry of Health, Labour
and Welfare, 2018). Numerous epidemiological studies have
demonstrated that smoking, alcohol intake, obesity, underweight,
and low consumption of vegetables and fruits are lifestyle factors
associated with DTC (Kabat et al., 1994; Bosetti et al., 2000; Engel
et al., 2003; Huang et al., 2003; Ferrari et al., 2007; Freedman
et al., 2007; Paskett et al., 2007; Botteri et al., 2008; Leung
et al., 2008; Varela-Lema et al., 2010; Radoï et al., 2015; Shaukat
et al., 2017). In addition, several studies have suggested the
involvement of bacteria in several types of cancers, especially in
organs continuously exposed to microbes, by the induction of
chronic and persistent inflammation or the downregulation of
host immunity (Allavena et al., 2008; Dalton-Griffin and Kellam,
2009; Tjalsma et al., 2012; Mima et al., 2015).

In the oral cavity, innumerable bacteria form a complex and
stable bacterial community, which may play an important role
in the oral and systemic diseases (Socransky et al., 1998; Pérez-
Chaparro et al., 2014; Kholy et al., 2015; Mathews et al., 2016;
Takeshita et al., 2016; Zaura et al., 2017; Asakawa et al., 2018;
Kageyama et al., 2018). Considering that the oral microbiota
is constantly swallowed along with saliva and delivered to the
digestive tract, it is reasonable to consider that the oral microbiota
is a possible risk factor for DTC, even in cancer sites that are
distant from the oral cavity. In fact, Fusobacterium nucleatum, a
periodontal disease pathogen, that usually inhabits the oral cavity
is frequently detected and is abundant in colorectal carcinoma
tissue (Mima et al., 2015; Nosho et al., 2016). Moreover, it
is assumed that the causal link between oral microbiota and
DTC differs by organs, because each digestive tract organ has
a specific environment and an indigenous bacterial community.
Evaluation of the characteristics of salivary microbiota in DTC
patients according to the cancer sites may help in the elucidation
of the microbial etiology of DTC, and aid in prediction or
diagnosis of DTC.

Although previous studies have examined the association
between the oral microbiota and DTC, interpretation of
differences among these studies is not easy because the
background of participants, such as race and food-related culture,
differed in the studies (Peters et al., 2017; Zhao et al., 2017; Flemer
et al., 2018; Yang et al., 2018). Additionally, although earlier
studies suggested that several periodontal pathogens play a role
in the development of DTC, no study has attempted to evaluate
the relationship between oral microbiota and DTC accounting for
the oral health condition, especially periodontal status, which is
strongly related to bacterial diversity and composition in the oral
cavity (Kageyama et al., 2017).

In this study, we examined the salivary microbiota collected
from various DTC patients. We compared the bacterial diversity
and composition in DTC patients with those from age- and
sex-matched control subjects, using the 16S ribosomal RNA
(16S rRNA) gene amplicon deep sequencing. Additionally, we
accounted for the oral health condition of the subjects. The aim
of this study was to compare the characteristics of the salivary
microbiota in DTC patients and control subjects, and to evaluate
their differential distribution by the cancer sites.

MATERIALS AND METHODS

Study Subjects
Study subjects in this study were patients with cancer who
visited the National Kyushu Cancer Center, Fukuoka, Japan. We
enrolled 71 Japanese patients at their first visit for preoperative
oral care prior to cancer treatment from October 2015 to
February 2017. We conducted a dental examination and collected
saliva samples from these patients. Patients who used antibiotics
within a month preceding sampling or who had already received
cancer treatment were not recruited. After excluding 12 patients
who had missing clinical data (n = 3) and whose cancer
was not located in the digestive tract (n = 9), 59 patients
were finally included in the analysis. For control subjects, we
used saliva samples and clinical data of community-dwelling
people who participated in the Hisayama study, a population-
based prospective study performed in the town of Hisayama (a
suburban rural area of Fukuoka city in southern Japan) (Hata
et al., 2013). A part of the Hisayama study conducted in 2012
comprised dental examination and saliva sampling for residents
≥39 years of age. Of the 2,654 participants who received dental
examination (56.4% of the total population in this age group),
2,111 underwent saliva sampling. We randomly sampled 118
age- and sex-matched control subjects (ratio 1:2, age difference
within 1 year) from 1,913 participants after excluding those with
missing periodontal examination data (n = 2), and self-reported
medical history for cancer (n = 196). Written informed consent
was obtained from all participants. The ethics committee of
Kyushu University approved this study and the informed consent
procedure (Approval Number 27–37).

Dental Examination and Sample
Collection
The dental examination and sample collection in patients and
control subjects were conducted according to a previously
described protocol (Takeshita et al., 2016). In brief, the
periodontal condition was evaluated by measuring the
periodontal pocket depth (PPD) and by bleeding on probing
(BOP) at two sites for all teeth (mesio- and mid-buccal sites)
based on the NHANES III method. The oral hygiene status was
assessed using the dental plaque score according to the Silness
and Löe (1964) plaque index. Following the dental examination,
the subjects chewed gum for 2 min; the stimulated saliva was
collected in sterile plastic tubes. The samples were stored at
−80◦C until further analysis.
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16S rRNA Gene Amplicon Sequencing of
Saliva
DNA was extracted from each sample obtained from DTC
patients using the bead-beating method (Yamanaka et al., 2012).
The V1–V2 regions of 16S rRNA gene were amplified using
the following primers: 8F (5′-AGA GTT TGA TYM TGG
CTC AG-3′) with the Ion Torrent adapter A and the sample-
specific 8-base index tag sequence, and 338R (5′-TGC TGC
CTC CCG TAG GAG T-3′) with the Ion Torrent trP1 adapter
sequence. PCR amplification, purification, and quantification
of each PCR amplicon was performed as previously described
(Takeshita et al., 2016). The purified PCR amplicons were
pooled, and gel-purification was performed using Wizard SV
Gel and PCR Clean-Up System (Promega, WI, United States).
The DNA concentration was determined using a KAPA Library
Quantification Kit (KAPA Biosystems, MA, United States) and
the DNA was diluted for emulsion PCR. Emulsion PCR and
enrichment of template-positive particles were performed using
Ion PGM Hi-Q View OT2 Kit (Thermo Fisher Scientific, MA,
United States) in the Ion One Touch 2 system (Thermo Fisher
Scientific). The sequencing was performed on the Ion PGM
(Thermo Fisher Scientific) using Ion PGM Hi-Q view Sequencing
kit. DNA extraction from samples of control subjects, followed by
PCR amplification, and purification were performed as described
above. The purified PCR amplicons were pooled (up to 192
amplicons per pool) and sequencing was performed in 14 runs
using Ion PGM Template OT2 400 Kit (Thermo Fisher Scientific)
and Ion PGM Hi-Q Sequencing kit (Thermo Fisher Scientific).

Data Analysis and Taxonomy Assignment
We completed the quality filtering of raw sequence reads using
a script written in R (version 3.5.1). The reads were excluded
from the analysis when they exhibited≤200 bases, had an average
quality score ≤25, did not include the correct forward primer
sequence, did not include the correct reverse primer sequence
(one mismatch was allowed), or had a homopolymer run >6
nucleotides. The quality-checked reads were demultiplexed by
examining the 8-base tag sequence, and then forward and reverse
primer sequences were trimmed. The quality-checked reads
derived from 177 subjects of this study were extracted and
used for further analysis. Operational taxonomic units (OTUs)
were constructed by clustering quality-checked reads, excluding
singleton reads, with a minimum pairwise identity of 97% using
UPARSE (Edgar, 2013) as described previously (Takeshita et al.,
2016). All quality-checked reads were mapped to each OTU with
≥97% identity using UPARSE (Takeshita et al., 2016). Chimeras
were identified using ChimeraSlayer and removed from analysis
(Haas et al., 2011). The taxonomy of representative sequences
was determined using BLAST against 889 oral bacterial 16S
rRNA gene sequences (HOMD 16S rRNA RefSeq version 14.51)
in the Human Oral Microbiome Database (Chen et al., 2010).
Nearest-neighbor species with ≥98.5% identity were selected
as candidates for each representative OTU. The taxonomy of
sequences without hits was further determined using an RDP
classifier with a minimum support threshold of 80% (Wang
et al., 2007). The number of OTUs were calculated following

rarefaction to 5,000 reads per sample using the vegan package of
R and were used as an index of bacterial diversity in this study.
The sequence data have been deposited in DDBJ Sequence Read
Archive under accession number DRA008522.

Statistical Analyses
We compared the clinical and bacterial characteristics of
patients and control subjects. Continuous variables were
compared using Mann–Whitney U-test, and nominal or ordinal
variables were compared using Fisher’s exact test. We also
evaluated the characteristics of patients by their cancer site,
and each characteristic was respectively compared to that
of healthy control subjects using Mann–Whitney U-test and
Fisher’s exact test. The UniFrac metric was used to determine
the dissimilarity between any pair of bacterial compositions
(Lozupone and Knight, 2005). Principal-coordinate analysis
(PCoA) was performed based on the weighted and unweighted
UniFrac distances using the cmdscale function in the stats
package of R. The dissimilarity between patients and control
subjects was evaluated using the analysis of similarities
(ANOSIM) with 999 permutations based on weighted and
unweighted UniFrac distances. The detection of discriminant
bacterial species was performed using the linear discriminant
analysis effect size (LEfSe) method (Segata et al., 2011). The linear
discriminant analysis score (LDA score) indicated the effect size
of each OTU and we defined OTUs with an LDA score >3.0 as
differentially abundant OTUs.

RESULTS

Characteristics of DTC Patients and
Salivary Microbiota Sequence
We examined 59 DTC patients (42 men and 17 women, 38–
84 years of age) and 118 age- and sex-matched control subjects.
The detailed characteristics of DTC patients and control subjects
are presented in Table 1. Body mass index (BMI) of DTC patients
was significantly lower and the percentage of teeth with BOP was
significantly higher than those in control subjects (P < 0.01).
There were no statistical differences between DTC patients and
control subjects in the other lifestyle habits and oral conditions.
We analyzed a total of 177 stimulated saliva samples by 16S rRNA
gene amplicon analysis, and finally obtained 2,566,571 high-
quality reads (14,500 ± 5,654 reads per sample) to determine
their bacterial diversity and composition.

Bacterial Diversity and Composition in
DTC Patients and Control Subjects
We examined the bacterial diversity of saliva in DTC patients
and control subjects to evaluate the overall salivary microbiota.
The saliva of DTC patients exhibited significantly higher bacterial
diversity than that of control subjects (number of OTUs, P = 0.02;
Shannon index, P < 0.01; Chao1, P = 0.04) (Figure 1). We
also evaluated the similarity of bacterial composition in saliva
of patients and control subjects. Figure 2 presents a PCoA plot
based on the UniFrac distances and Supplementary Figure S1
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TABLE 1 | The characteristics of digestive tract cancer patients and
control subjects.

Digestive tract
cancer (n = 59)

Control subjects
(n = 118)

P-value

Age, mean ± SD 66.4 ± 10.2 66.4 ± 10.3 0.985

Male, n (%) 42 (71.2) 84 (71.2) 1

BMI, mean ± SD 21.7 ± 3.1 23.5 ± 3.5 < 0.01

Current smoking, n (%) 14 (24.1) 21 (17.8) 0.323

Current drinking, n (%) 32 (56.1) 70 (59.3) 0.745

Number of teeth,
mean ± SD

20.8 ± 9.3 23.3 ± 7.0 0.148

Number of decayed
teeth, mean ± SD

1.1 ± 2.3 0.8 ± 1.5 0.502

PPD (mm), mean ± SD 1.9 ± 0.6 1.8 ± 0.6 0.715

Teeth with BOP (%),
mean ± SD

31.8 ± 25.0 15.7 ± 19.3 < 0.01

Mean plaque index,
mean ± SD

0.7 ± 0.8 0.7 ± 0.6 0.141

SD, standard deviation; BMI, body mass index; PPD, periodontal pocket depth;
BOP, bleeding on probing. Significant differences were determined using the Mann–
Whitney U-test and the Fisher’s exact test. Fifteen individuals with ≤8 teeth were
excluded in PPD, percentage of teeth with BOP, and mean plaque index.

presents bar plots of dominant genera. Although there was
a significant difference between DTC patients and control
subjects in the overall bacterial composition of saliva according
to ANOSIM (weighted, P = 0.037; unweighted, P < 0.001),
a distinct difference was not observed. We also identified
discriminant OTUs in salivary microbiota of DTC patients
and control subjects using the LEfSe approach to evaluate the
detailed difference in bacterial composition of saliva. The analysis
revealed 11 OTUs including OTUs corresponding to Actinomyces
odontolyticus HOT-701 [Human Oral Taxon (HOT) numbers
are unique identification numbers in HOMD], Streptococcus
parasanguinis I HOT-721, and Corynebacterium species that
were differentially abundant in DTC patients compared to

control subjects (Figure 3). Conversely, OTUs corresponding
to Prevotella melaninogenica HOT-469, Porphyromonas pasteri
HOT-279, and Streptococcus species were differentially abundant
in control subjects. These results revealed the presence of specific
bacteria in the saliva of DTC patients and control subjects.

Characteristics of DTC Patients by the
Cancer Sites
We compared the characteristics of each patient group based on
their cancer sites to control subjects. The detailed characteristics
of each patient group are shown in Table 2. The cancer in
patients was located in the tongue/pharynx (n = 13), esophagus
(n = 12), stomach (n = 10), and rectum/colon (n = 24). BMI of
tongue/pharyngeal, esophageal, or gastric cancer patients were
significantly lower than that of control subjects (P < 0.01),
while there was no significant difference in BMI between
colorectal cancer patients and control subjects. The proportion
of current smokers in tongue/pharyngeal cancer patients was
58.3%, which was significantly higher than that in control subjects
(P < 0.01). Concerning oral conditions, tongue/pharyngeal
cancer patients demonstrated more decayed teeth, while gastric
cancer patients demonstrated fewer decayed teeth compared to
control subjects. Gingival inflammatory condition based on BOP
in tongue/pharyngeal, esophageal, or colorectal cancer patients
was more severe than in the control subjects and oral hygiene
status based on plaque index was better in gastric or colorectal
cancer patients. There was no difference in the periodontal
condition (based on PPD) between the patient groups and
control subjects.

Bacterial Diversity and Composition in
DTC Patients by the Cancer Sites
We examined the bacterial diversity of salivary microbiota
in each patient group. Saliva from tongue/pharyngeal and
esophageal cancer patients demonstrated significantly higher

FIGURE 1 | Bacterial diversity of saliva in digestive tract cancer (DTC) patients and control subjects. Boxplots show the number of operational taxonomic units
(OTUs), Shannon index, and Chao1 in patients and control subjects. Significant differences were determined using the Mann–Whitney U-test.
∗P < 0.05 and ∗∗P < 0.01.
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FIGURE 2 | Principal coordinate analysis based on (A) weighted and (B) unweighted UniFrac distances. The bacterial composition of patients and control subjects
are depicted using different colors. These two components explained the 60.4% (A) and 29.1% (B) variances. The intersection of the broken lines indicates the
center of gravity for each community type. The ellipse covers 67% of the samples belonging to each community type. The P-value was calculated by the analysis of
similarities (ANOSIM).

FIGURE 3 | Bacterial species corresponding to the differentially abundant operational taxonomic units (OTUs) between patients and control subjects. Bar plots show
linear discriminant analysis (LDA) scores of each OTU. The LDA score indicates the effect size of each OTU and OTUs with an LDA score >3.0 are shown. The
differentially abundant OTUs in patients and control subjects are depicted using different colors. Oral taxon identifications are in parentheses following bacterial
names.

bacterial diversity compared to that of control subjects (number
of OTUs, both P < 0.01; Shannon index, both P = 0.02; Chao1,
P < 0.01 and P = 0.02, respectively) (Figure 4). In contrast, there
was no significant difference in bacterial diversity between gastric
and colorectal cancer patients and control subjects.

We also examined the relative abundance of the 11
differentially abundant OTUs in each patient group to identify
the association between these OTUs and each DTC. The
relative abundance of an OTU corresponding to Porphyromonas
gingivalis HOT-619 was significantly higher in all groups
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TABLE 2 | The characteristics of digestive tract cancer patients by the cancer sites.

Tongue/pharyngeal (n = 13) Esophageal (n = 12) Gastric (n = 10) Colorectal (n = 24) Control subjects (n = 118)

Age, mean ± SD 62.5 ± 10.6 68.4 ± 7.8 70.5 ± 9.8 65.9 ± 10.9 66.4 ± 10.3

Male, n (%) 12 (92.3) 8 (66.7) 6 (60) 16 (66.7) 84 (71.2)

BMI, mean ± SD 20.5 ± 2.7∗∗ 20.8 ± 3.2∗∗ 20.8 ± 2.1∗∗ 23 ± 3.2 23.5 ± 3.5

Current smoking, n (%) 7 (58.3)∗∗ 3 (25) 1 (10) 3 (12.5) 21 (17.8)

Current drinking, n (%) 9 (75) 5 (45.5) 4 (40) 14 (58.3) 70 (59.3)

Number of teeth, mean ± SD 19.8 ± 9.9 19.2 ± 9.9 20.9 ± 9.5 22.1 ± 8.9 23.3 ± 7.0

Number of decayed teeth,
mean ± SD

3.0 ± 3.8∗∗ 1.2 ± 2.0 0 ± 0∗ 0.5 ± 1.2 0.8 ± 1.5

PPD (mm), mean ± SD 1.8 ± 0.4 2.1 ± 0.6 1.7 ± 0.7 1.8 ± 0.7 1.8 ± 0.6

Teeth with BOP (%),
mean ± SD

37.1 ± 25.5∗∗ 40.2 ± 27.3∗∗ 23.3 ± 27.2 28.3 ± 22.3∗∗ 15.7 ± 19.3

Mean plaque index,
mean ± SD

1.1 ± 1.1 1.2 ± 0.9 0.3 ± 0.3∗ 0.4 ± 0.4∗ 0.7 ± 0.6

SD, standard deviation; BMI, body mass index; PPD, periodontal pocket depth; BOP, bleeding on probing. Significant differences were respectively determined between
each patient group and control subjects using the Mann–Whitney U-test and the Fisher’s exact test. ∗P < 0.05 and ∗∗P < 0.01. Fifteen individuals with ≤8 teeth were
excluded in PPD, percentage of teeth with BOP, and mean plaque index.

FIGURE 4 | Bacterial diversity of saliva in each patient group and control subjects. Boxplots show the number of operational taxonomic units (OTUs), Shannon
index, and Chao1 in each patient group and control subjects. Significant differences are respectively, determined between each patient group and control subjects
using the Mann–Whitney U-test. ∗P < 0.05 and ∗∗P < 0.01.

of DTC patients and that of an OTU corresponding to
Corynebacterium species was significantly higher in all groups
other than gastric cancer patients compared to that in control
subjects (P < 0.01) (Figure 5). In tongue/pharyngeal cancer
patients, OTUs corresponding to F. nucleatum HOT-200,
S. parasanguinis II HOT-411, and Neisseria species were also
more abundant (P < 0.01). The gastric cancer patients exhibited
high relative abundance of an OTU corresponding to the
Neisseria species and the colorectal cancer patients showed high
relative abundance of an OTU corresponding to A. odontolyticus
HOT-701 (P< 0.01). These results suggested that the associations
between salivary microbiota and DTC differed depending on
the cancer sites.

DISCUSSION

This case-control study of patients with various DTCs
demonstrated an association of salivary microbiota with
DTC. The salivary bacterial diversity was higher in DTC patients
than that in control subjects. This result was consistent with
other observed indices of bacterial diversity, such as Simpson
index and phylogenetic diversity (Supplementary Figure
S2). Particularly, tongue/pharyngeal and esophageal cancer
patients demonstrated high bacterial diversity. In addition,
several species-level OTUs characteristic of each DTC were
identified using the LEfSe method. It was interesting that
some of the OTUs were characteristic among several DTC

Frontiers in Microbiology | www.frontiersin.org 6 August 2019 | Volume 10 | Article 1780105

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-01780 August 1, 2019 Time: 18:48 # 7

Kageyama et al. Salivary Microbiota of Cancer Patients

FIGURE 5 | Relative abundances of the 11 differentially abundant operational taxonomic units (OTUs) in each patient group and control subjects. Each plot shows
average of the relative abundance of 11 differentially abundant OTUs of patients with digestive tract cancer in each patient group, and error bar shows standard
error. Each group is depicted using different colors. Oral taxon identifications are in parentheses following bacterial names. Significant differences are respectively
determined between each patient group and control subjects using the Mann–Whitney U-test. ∗P < 0.05 and ∗∗P < 0.01.

in common, even though distances from the oral cavity to
each DTC varied.

We identified the 11 bacterial species that were characteristic
of DTC patients using the LEfSe method. P. gingivalis, a
periodontal pathogen included in these 11 species, plays a
key role in the development of periodontitis by invasion
of epithelial cells or by interfering with the host immunity
(Hajishengallis and Lamont, 2014). In this study, the relative
abundance of P. gingivalis was significantly higher in saliva
of all groups of DTC patients than that of control subjects,
even though there was no difference in PPD between any
groups of DTC patients and control subjects, which has
been frequently associated with the presence of P. gingivalis.
The reason for the association between higher abundance
of P. gingivalis in saliva and DTC is unknown. However,
we cannot exclude the possibility that P. gingivalis affects
DTC incidence through an unknown pathway. In addition,

F. nucleatum, a periodontal pathogen, was also identified as
a differentially abundant OTU in cancer patients and was
more abundant in tongue/pharyngeal or esophageal cancer
patients. The association between periodontal pathogens in
the saliva and DTC should be explored to elucidate the
etiology of DTC.

We found that an OTU corresponding to Neisseria species
was more abundant in tongue/pharyngeal, gastric, or colorectal
cancer patients. Neisseria species are capable of producing a
high amount of acetaldehyde in a medium containing ethanol
in vitro (Muto et al., 2000; Moritani et al., 2015). In addition,
the acetaldehyde level in saliva was reported to be associated with
the increased risk for developing upper DTC (Salaspuro, 2003).
Therefore, Neisseria species might be associated with DTC due
to the production of acetaldehyde in the oral cavity after alcohol
consumption. However, our previous study suggested that their
phenotypes in vitro do not necessarily reflect their behavior
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in vivo because of interactions in the bacterial community
(Yokoyama et al., 2018). To elucidate the acetaldehyde-mediated
carcinogenesis, further comprehensive studies of these Neisseria
species in vitro and in vivo are required.

In the present study, we conducted dental examinations
for all participants and evaluated the oral health conditions,
including PPD and BOP, which have seldom been evaluated
in previous studies of the oral microbiota and DTC. While
gingival inflammation (based on BOP) was significantly severe
in tongue/pharyngeal, esophageal, or colorectal cancer patients,
there was no statistical difference in PPD. This result suggests
that the difference in the salivary microbiota between DTC
patients and control subjects does not merely reflect subgingival
bacteria shed from deep periodontal pockets with periodontitis.
There may be a direct relationship between the salivary
microbiota and DTC, and an indirect relationship via gingivitis.
The elucidation of these etiologies would provide us with
valuable information to understand the association between
the oral microbiota and DTC. However, the sample size in
this study was not large enough to confirm whether the
differentially abundant OTUs are related to DTC independent
of the gingival condition. Additionally, the small sample
size did not allow us to evaluate the relationship between
the oral microbiota and DTC accounting for the detailed
cancer sites (e.g., gingiva, buccal mucosa, and tongue in the
oral cavity or rectum and colon in the intestine) or cancer
types (e.g., adenocarcinoma and squamous cell carcinoma).
Further investigation with a larger sample size is needed
to elucidate the relationship between the oral microbiota
and DTC in detail.

We also performed LEfSe analysis between each cancer
group and matched control subjects (Supplementary Figure S3).
Although the sample size of each group was not large, several
OTUs specific to each cancer group were detected including
a subset of the 11 differentially abundant OTUs found in all
DTC patients. It is particularly interesting that 5 of these 11
OTUs were detected by LEfSe analysis in colorectal cancer
patients, even though colorectal cancers are physically most
distant from the oral cavity, and its association with the salivary
microbiota was likely to be masked by the other cancers.
There might be a stronger association between the salivary
microbiota and colorectal cancer than exists with the other
cancers. More detailed analyses with larger sample sizes will be
required to identify the respective associations of the salivary
microbiota with each DTC.

CONCLUSION

In conclusion, the present case-control study demonstrated
that the bacterial diversity and composition of saliva
is associated with DTC. Understanding of these
associations can help in establishing a novel concept
for cancer prediction or diagnosis based on bacterial
composition. The monitoring of salivary microbiota may
help predict the development of DTC and assist with
health maintenance.

DATA AVAILABILITY

The datasets generated for this study can be found in the DDBJ
Sequence Read Archive under the accession number DRA008522.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of the ethics committee of Kyushu University
with written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki. The protocol was approved by the ethics committee of
Kyushu University (approval number 27–37).

AUTHOR CONTRIBUTIONS

SK wrote the first draft of the manuscript. SK, TT, and YY edited
the manuscript. TT, MF, and YS collected the clinical data and
sample from control subjects. KN, MI, MMo, MMa, and YT
collected the clinical data and samples from patients. MA and RM
performed the molecular analysis. SK, TT, and KT performed the
bioinformatics and statistical analysis. SK, TT, YY, KT, MI, MMo,
MMa, and YT contributed to the conception and design of the
study. YK and TN supervised the Hisayama study. All authors
read and approved the submitted version of the manuscript.

FUNDING

This work was supported by the JSPS KAKENHI (Grant
Numbers: JP15K15774, JP16H02692, JP16H05850, JP16H05557,
and JP18H06296).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.01780/full#supplementary-material

FIGURE S1 | Mean relative abundances of bacterial genera in digestive tract
cancer (DTC) patients and control subjects. Only 14 genera with a mean relative
abundance of ≥1% in DTC patients or control subjects are shown. Error bars
show standard error. Significant differences were determined using the
Mann–Whitney U-test. ∗P < 0.05 and ∗∗P < 0.01.

FIGURE S2 | Simpson index and phylogenetic diversity of saliva in digestive tract
cancer (DTC) patients, each patient group, and control subjects. Boxplots show
these indices of bacterial diversity in DTC patients, each patient group, and control
subjects. Phylogenetic diversity was calculated using the pd function in the picante
package of R. Significant differences are determined between DTC patients and
control subjects, or respectively determined between each patient group and
control subjects using the Mann–Whitney U-test. ∗P < 0.05 and ∗∗P < 0.01.

FIGURE S3 | Bacterial species corresponding to the differentially abundant
operational taxonomic units (OTUs) between each patient group and matched
control subjects. Bar plots show linear discriminant analysis (LDA) scores of each
OTU. The LDA score indicates the effect size of each OTU and OTUs with an LDA
score >3.0 are shown. The differentially abundant OTUs in patients and control
subjects are depicted using different colors. Oral taxon identifications are in
parentheses following bacterial names.
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Gut microbes play a crucial role in the development of colorectal cancer.
Chitooligosaccharides (COS), are oligomer that are depolymerized from chitosan and
possess a wide range of biological activities. In this study, the effects of COS on
colorectal cancer (CRC) development were evaluated using azoxymethane and dextran
sulfate sodium (AOM/DSS) induced mouse model of CRC (CACM). In the COS-treated
CRC group (CMCOS), COS protected mice from CRC by decreasing the disease
activity index, tumor incidences and multiplicity, and the mRNA levels of COX-2, IL-
6, TNF-α, IL-1β, IL-10, and IKK-β mRNA in colonic epithelial cells. The results of a
cage-exchanged experiment, in which mice from the CACMe and CMCOSe treatments
exchanged cages every day to interact with microbes, showed that gut microbes
play an important role in preventing CAC by COS. The abundances of fecal bacteria
(total bacteria, Lactobacillus, Enterococcus, Fusobacterium nucleatum and butyrate-
producing bacteria) were detected by qPCR on the 0th, 1st, 3rd, 6th, 9th, and 10th
weekends. Furthermore, microbiota and mycobiota were analyzed by high-throughput
sequencing on an Illumina MiSeq PE300 system. COS protected mice from CRC by
reversing the imbalance of bacteria and fungi, especially by reducing the abundance
of Escherichia–Shigella, Enterococcus, and Turicibacter, and increasing the levels of
Akkermansia, butyrate-producing bacteria and Cladosporium.

Keywords: chitooligosaccharides, colitis-associated colorectal cancer, microbiota, mycobiota, high-throughput
sequencing

INTRODUCTION

Colorectal cancer (CRC) is the third most common cause of cancer death in the world
(GLOBOCON, 2012), accounting for approximately 862,000 deaths in 2018 (∼8.98% of total
cancer-related deaths, respectively) (World Health Organization, 2018, Fact sheet 297). In
China, CRC is one of the 5 most commonly diagnosed cancers and has shown a significant
upward trend in age-standardized incidence and mortality rates, accounting for 376,300 new
cases and 191,000 deaths in 2015 (Chen et al., 2016). Various factors are considered to
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be responsible for the development of CRC including inheritance
(genetic alterations and family history) and environmental
factors (diet, smoking, obesity, low physical activity, sex,
ethnicity, etc.) (Dulal and Keku, 2014). Chronic inflammation
is believed to promote carcinogenesis, and the risk for colon
cancer increases with the duration and anatomic extent of
colitis as well as the presence of other inflammatory disorders
(Ullman and Itzkowitz, 2011; Brennan and Garrett, 2016).
Interestingly, gut microbes can be influenced by these factors, and
the involvement of gut microbes in colorectal carcinogenesis is
becoming increasing clear due to their role in modulating host
metabolism, barrier function, and innate and adaptive immunity
(Dulal and Keku, 2014; Gagnière et al., 2016).

The human colon is well known to host a highly diverse
and complex microbial community that includes bacteria, fungi,
viruses and archaea. Many studies have implicated microbial
dysbiosis, a pathological imbalance in the microbial community,
in the etiology of CRC (Gagnière et al., 2016). Approximately
100 trillion bacteria of more than 1,000 heterogeneous species
exist in colon (Human Microbiome Project Consortium, 2012).
Some of which have been identified and are suspected to play
a role in colorectal carcinogenesis, such as Fusobacterium spp.,
Escherichia coli, and Bacteroides fragilis (Arthur et al., 2012; Gur
et al., 2015; Brennan and Garrett, 2016; Ramos and Hemann,
2017; Dejea et al., 2018). Bacteria also prevented the development
of CRC by producing metabolites (e.g., acetate, propionate, and
butyrate) (Louis et al., 2014). Due to their low levels in the
gut (0.2%, 66 genera and 184 species), fungi are often ignored
in studies of intestinal microbes. Recently, mycobiota have
been linked with a number of diseases (e.g., colitis, antibiotic
associated diarrhea, inflammatory bowel disease, and peptic
ulcers) by interacting with microbiota, modulating immunity and
producing mycotoxins (Iliev et al., 2012; Liguori et al., 2016; Li
et al., 2017; Sokol et al., 2017). However, alteration of the gut
mycobiota in CRC patients has rarely been reported. Luan et al.
(2015) analyzed the fungal microbiota of biopsy samples from
colorectal adenomas (some advanced cases can further develop
into carcinoma) and adjacent tissues by sequencing and observed
that fungal diversity was decreased in adenomas, while the size of
adenomas and disease stage were closely related to changes in the
mycobiota. Gao et al. (2017) observed fungal dysbiosis in colon
polyps and CRC, including decreased fungal diversity in polyp
patients, an increased Ascomycota/Basidiomycota ratio, and an
increased proportion of the opportunistic fungi Trichosporon and
Malassezia, which may favor the progression of CRC. Because of
its effects on modulating immunity, producing mycotoxins and
interacting with microbiota (Van Raay and Allen-Vercoe, 2017),
the role of mycobiota in the development and prevention of CRC
should be further investigated.

Chitooligosaccharides (COS) are oligomers that are
depolymerized from chitosan. COS have been reported
to possess a wide range of biological activities, such as
antimicrobial, antioxidant, anti-inflammatory, anti-tumor,
immunostimulatory, hypocholesterolemic activities (Liang
et al., 2016; Qu and Han, 2016; Liagat and Eltem, 2018). COS
have been used to inhibit the growth of various bacteria (e.g.,
E. coli, Salmonella enteritidis, and Listeria monocytogenes),

fungi (e.g., Trichophyton rubrum) and virus (e.g., HIV-1)
(Artan et al., 2010; Mei et al., 2015; Laokuldilok et al., 2017;
Sánchez et al., 2017), and showed beneficial effects on probiotic
bacteria together with inhibitory effects on intestinal pathogens
(Nurhayati et al., 2016). The concentrations of SCFAs and the
abundances of Lactobacilli and Bifidobacteria were significantly
increased in the cecum of mice treated with COS (Pan et al.,
2009). COS are also effective against various cancer cells
in vitro, such as prostate, lung, hepatocellular, gastric and
colon cancer cells (Park et al., 2011; Han et al., 2015, 2016;
Ryu et al., 2017). However, the relationship between the anti-
tumor activities of COS and its effects on bacteria in vivo
remains unclear.

In this study, COS were administered intragastrically
to AOM/DSS-induced CRC mice. The anti-tumor activity
of COS toward CRC was evaluated by detecting tumor
incidence and multiplicity, calculating the disease activity
index (DAI), analyzing pathologic characteristics and
quantifying the abundance of inflammation-associated
factors/cytokines. The role of microbes in preventing the
development of CRC was evaluated by exchanging the
cages of CRC and COS-treated CRC mice. The dynamics
of total bacteria, Lactobacillus, Enterococcus, Fusobacterium
nucleatum and butyrate-producing bacteria were evaluated
by quantitative PCR (qPCR). High-throughput sequencing
was performed to reveal the structure of microbiota
and mycobiota, and to determine the specific functional
bacteria and fungi that contributed to the preventative
effect of COS on CRC.

MATERIALS AND METHODS

Animals and Reagents
Eight-week-old male C57/BL6 mice (22-24 g) were purchased
from Vital River Laboratory Animal Technology Co. Ltd.
(Beijing, China). All animals were raised in sterilized cages under
controlled conditions (i.e., temperature 23 ± 2◦C, humidity
55 ± 5%, and 12 h light/dark cycles) and fed sterilized standard
rodent chow food and sterilized water under specific pathogen-
free conditions.

AOM was purchased from Sigma-Aldrich (St. Louis,
MO, United States) and DSS was purchased from MP
Biomedicals (molecular weight: 36−50 kDa, MP Biomedicals,
Santa Ana, CA, United States) (Sinder et al., 2016). COS
was purchased from Dalian Meilun Biotech Co., Ltd.
(molecular weight: <3 kDa, Dalian, China). The QIAamp
DNA Stool Mini Kits were purchased from Qiagen (HiCILen,
Germany), and the Fecal Occulted Test Kits were purchased
from Baso Diagnostics Inc. (Zhuhai, China). AOM was
dissolved in normal saline to a final concentration of
0.5 mg/mL. DSS and COS were dissolved in sterile
deionized water.

Experimental Procedures
Forty-eight eight-week-old male C57/BL6 mice were randomly
and averagely divided into six treatments: the normal healthy
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treatment (CK), COS control treatment (COS), AOM/DSS-
induced colorectal cancer model mice (CACM), COS-treated
CACM mice (CMCOS, 300 mg/kg COS in AOM/DSS-
induced CRC), and the exchanged CACM (CACMe) and
CMCOS (CMCOSe) groups. The number of replications in
each treatment was 8. All mice in each treatment were
fed a standard sterile rodent chow diet for 10 weeks.
Sterile drinking water was provided to the mice in the
CK and COS treatments. For the mice in the CACM,
CMCOS, CACMe and CMCOSe treatments, CRC was induced
using the AOM/DSS procedure, which was described in our
previous study (Wu et al., 2016). The mice were injected
intraperitoneally with a single dose (10 mg/kg) of AOM on
the first day, and 1 week later, three experimental courses
with DSS were performed. The mice were provided drinking
water with 2% DSS for a week followed by sterile drinking
water for 2 weeks in each course. In the COS, CMCOS
and CMCOSe treatments, 300 mg/kg COS was administered
intragastrically once a day and six times per week, starting
from the first day of the study. The mice in CACMe
and CMCOSe treatments were raised in individual cages,
respectively. The mice from these two groups exchanged
cages each other every day, and shared litters to interchange
intestinal microbes.

Animal weights were evaluated and recorded at the end
of each week. Disease activity index (DAI) curves were
generated to evaluate disease progression, which was based
on weight, hematochezia, and stool malformation. As
described by Menghini et al. (2017), DAI were performed
by an experimentalist blinded to the study. In detail, to
obtain a total clinical DAI ranging from 0 (healthy) to
4 (maximal score for DSS-induced colitis), the average
score of (a) body weight loss (i.e., 0, none; 1, 1–5%; 2,
5–10%; 3, 10–20%; and 4, >20%), (b) stool consistency
(i.e., 0, normal; 2, loose stool; and 4, diarrhea), and (c)
bloody stool (i.e., 0, negative; 2, fecal occult blood test
positive; and 4, gross bleeding) was calculated for each
experimental animal. The presence of blood in stools
was tested with Fecal Occulted Test kits (Baso Diagnostics
Inc., Zhuhai, China).

Fecal samples were collected at the end of the 0th (the day
before the beginning of experiment), 1st, 3rd, 6th, 9th, and
10th weekends and stored at −80◦C. All mice were sacrificed
at the completion of the experiment at the end of the 10th
week. Approximately 1-cm sections of colon were cut and
immediately placed in 10% buffered formalin for fixation,
and the rest of colons were subsequently dissociated, opened
longitudinally, and rinsed with phosphate-buffered saline (pH
7.4). The number of tumors determined under a dissecting
microscope. Then, the colon tissues were used to isolate
epithelial cells as previously described (Tong et al., 2007).
The isolated colonic epithelial cells were stored at −80◦C
for further study.

Histopathological Analysis
The fixed colon tissues were embedded in paraffin, sectioned
at 3–4 µm and stained with hematoxylin and eosin (H&E). All

processed sections were subsequently evaluated by a pathologist
in a blinded fashion.

Analysis of Cytokines in Colonic
Epithelial Cells by Quantitative RT-PCR
Total mRNA was extracted from colonic epithelial cells using
TRIzol reagent (Takara, Dalian, China), as per manufacturer’s
instruction, and reverse transcription was conducted using
a Reverse Transcription kit (Takara, Dalian, China). The
quantity and quality of cDNA was evaluated by 1% (w/v)
agarose gel electrophoresis in 0.5 mg/mL ethidium bromide
and by Nano Drop 2000 ultraviolet spectrophotometry.
RT-qPCR was performed to assess the fold changes in
COX-2, IL-6, TNF-α, IL-1β and IL-10 expression using
a Step One Plus System (ABI) and the 11Ct method
(Bhatt et al., 2015).

Quantitation of Specific Bacteria by
qPCR
Fecal bacterial DNA was extracted using a QIAamp DNA
Stool Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s instructions. The abundances of total
bacteria, Lactobacillus, Enterococcus, F. nucleatum and butyrate-
producing bacteria were quantified by qPCR. Target gene
copy numbers were determined by comparison to a standard
curve and normalized to the total DNA. PCR reactions were
performed using a Step One Plus System (ABI). The primer
sequences and qPCR amplification protocol are shown in
Supplementary Table S1.

High-Throughput Sequencing and
Bioinformatics Analysis
Twenty-four fecal samples from the CK, COS, CACM, CMCOS,
CACMe, and CMCOSe groups were randomly collected (n = 4)
to perform high-throughput sequencing of the 16S and
18S rRNA. Genomic DNA was amplified with the bacterial
16S rRNA gene (V3-V5 region) primers 338F/806R and
the 18S rRNA gene primers SSU0817/1196. Primers were
linked to Illumina sequencing adapters, and the reverse
primers contained a sample barcode. The PCR products were
purified, and the concentrations were adjusted for sequencing
on an Illumina MiSeq PE300 system (MajorBio Co., Ltd.,
Shanghai, China).

Raw read sequences were demultiplexed and quality-filtered
using QIIME (version 1.8.0) (Caporaso et al., 2012) with
the following criteria: (i) the 300-bp reads were truncated
at any site receiving an average quality score of <20 over
a 50-bp sliding window, discarding the truncated reads that
were shorter than 50 bp; (ii) exact barcode matching, two
nucleotide mismatches in primer matching, and reads containing
ambiguous characters were removed; and (iii) only paired-
end reads with overlap longer than 10 bp were assembled
according to their overlap sequence. Reads that could not be
assembled were discarded.

The UCHIME (Edgar et al., 2011) was used to cluster
contigs and remove chimera. The optimized sequences were
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clustered into operational taxonomic units (OTUs) with
97% similarity using UPARSE (version 7.1)1 and aligned
with SILVA database2 using a confidence threshold of 70%
(Amato et al., 2013). The data were analyzed on the free
online platform of Majorbio I-Sanger Cloud Platform3.
The alpha diversity analysis was performed using the
QIIME 1.8.0 software (Caporaso et al., 2012). Statistical
comparison of diversity indexes among different treatments
were made by one-way analysis of variance (ANOVA)
using the Statistical Package for the Social Sciences (SPSS,
version 19.0, Chicago, IL, United States). An analysis of
similarity (ANOSIM) was performed using the QIIME 1.8.0
software to determine whether AOM/DSS, COS and cage-
exchanged had significantly different bacterial community
compositions. Cluster dendrograms, bar plots, principal
component analysis (PCA) and principal-coordinate analysis
(PCoA), and heatmaps were created in the R software (version
3.7.0). To assess the effect size of each differentially abundant
taxon, a metagenomic biomarker discovery approach was
performed using LEfSe (linear discriminant analysis [LDA]
coupled with effect size measurement)4, which performed a
non-parametric Wilcoxon sum-rank test followed by LDA
analysis (Segata et al., 2011). The bacteria-fungi network
was generated using the CoNet plugin (version 1.0b7) for
Cytoscape (version 3.6.0) on the basis of non-parametric
Spearman correlation coefficients, with a minimal cutoff
threshold of 0.6 (P < 0.01, Bonferroni corrected) (Faust
et al., 2012). Correlation data for dominant genera (relative
abundance > 0. 1%) that were detected in microbiota and
mycobiota are reported.

The raw data were deposited in the Sequence Read Archive
(SRA) under the access numbers SRP143438 and SRP144668.

Statistical Analysis
SPSS (SPSS 19.0, Chicago, IL, United States) was used
to perform data analysis, with the results expressed as
the mean ± SD (i.e., standard deviation) for individual
experiment. If multiple sets of variables were consistent with
homogeneity of variance (Kruskal–Wallis H test), one-way
analysis of variance (ANOVA) was used to compare multi-group
variables. Statistical tests were two-sided, and a P < 0.05 was
considered significant.

Ethics Statement
This study was carried out in accordance with the
recommendations of the Institute Animal Care and Use
Committee of Xinxiang Medical University, China. The
experimental protocol for animal studies was reviewed and
approved by the Institute Animal Care and Use Committee of
Xinxiang Medical University, China.

1http://www.drive5.com/uparse/
2http://www.arb-silva.de/
3www.i-sanger.com
4http://huttenhower.sph.harvard.edu/galaxy/

RESULTS

COS Prevented CRC Development in
C57/BL6 Mice
As shown in Figure 1A, the body weights of the COS group were
similar to those of the CK group. Compared with the CK group,
significant body weights loss was observed in AOM/DSS-induced
CACM treatments (CACM and CACMe), and was effectively
rescued by the COS treatment (CMCOS and CMCOSe).
Interestingly, the body weight of the CACMe group, which
exchanged microbiota with the CMCOSe group, was significantly
higher than that of the CACM group, whereas the body weight of
the CMCOSe group was obviously lower than that of the CMCOS
group at the 10th weekend (P < 0.05) (Supplementary Table S2).
DAI curves were developed to evaluate disease progression. The
DAI scores were 0 in the CK and COS groups throughout the
experimental period (Figure 1B). Three peaks corresponding
to the three cycles of DSS administration (in drinking water)
were observed in the other four groups. The DAI curves of
the CACM and CACMe were similar, whereas those of the
CMCOS and CMCOSe groups were similar. The COS treatment
induced significant decrease of DAI score both in the CMCOS
and CMCOSe groups. However, the DAI score in the CACMe
was significantly lower than that observed in the CACM group
(P < 0.05) (Supplementary Table S3).

The histopathological characteristics of tumor tissue
samples from each group of mice were evaluated
(Supplementary Figure S1 and Supplementary Table S4).
The tumor incidences in the CACM, CACMe, CMCOSe,
CMCOS, COS, and CK groups were 100, 100, 87.5, 75.0, 0, and
0%, respectively. Tumor multiplicity (the number of tumors
per centimeter colon) in the CACM, CACMe, CMCOSe, and
CMCOS groups was 4.58 ± 0.38, 4.0 ± 0.45, 2.25 ± 0.52, and
1.58 ± 0.49, respectively (Figure 1C). Tumor multiplicities
in the CACM and CACMe groups were significantly higher
than that in CMCOSe and CMCOS groups (P < 0.05). The
COS treatment significantly decreased the tumor incidence and
multiplicity; however, the tumor multiplicity in the CMCOSe
group was notably higher than that observed in the CMCOS
group (P < 0.05).

To determine the association between the anti-cancer effects
of COS, microbes and cytokine changes in colonic epithelial cells,
the abundances of pro-inflammatory factors/cytokines that are
often altered in colitis-associated CRC were quantified by RT-
qPCR. As shown in Figure 2, the levels of COX-2, IL-1β, IL-6, IL-
10 and TNF-α mRNA were significantly increased in the CACM
and CACMe groups, whereas the COS treatment significantly
reduced the mRNA levels of these genes. It is worth noting that
the levels of COX-2 and IL-1β mRNA in the CMCOSe group were
significantly higher than those observed in the CMCOS group.

Dynamic Changes of Specific Bacterial
Taxa Based on qPCR
The dynamic changes in the total bacteria and some specific
taxa (Lactobacillus, Enterococcus, F. nucleatum and butyrate-
producing bacteria) were assessed by qPCR. As shown in
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FIGURE 1 | COS protected mouse gastrointestinal tracts from AOM/DSS-induced CAC. (A) Changes in body weight. (B) DAI values based on weight loss,
hematochezia, and diarrhea. (C) Tumor multiplicity (number of tumors per cm in colon). The results were presented as the mean ± standard deviation (SD); n = 8 for
each treatment. Analysis of variance (ANOVA) was used, significant differences (P < 0.05) between treatments are indicated by the letters a, b, or c. CK, control
treatment; COS, COS control treatment; CACM, AOM/DSS-induced colitis-associated CRC model mice; CMCOS, COS-treated CACM mice (300 mg/kg/d COS);
CACMe, exchanged CACM treatment; CMCOSe, exchanged CMCOS treatment.
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FIGURE 2 | COS inhibited cytokine expression in the CRC mouse at the 10th weekend. The results were presented as the mean ± standard deviation (SD); n = 8 for
each treatment. Analysis of variance (ANOVA) was used, significant differences (P < 0.05) between treatments are indicated by the letters a, b, c, or d. CK, control
treatment; COS, COS control treatment; CACM, AOM/DSS-induced colitis-associated CRC model mice; CMCOS, COS-treated CACM mice (300 mg/kg/d COS);
CACMe, exchanged CACM treatment; CMCOSe, exchanged CMCOS treatment.

Supplementary Figure S2, total bacterial abundances were
significantly lower in the CACM group than those observed in
the CK and COS groups at the 6th, 9th, and 10th weekends
and were significantly higher in the CMCOS group than in the
CACM group at the 9th and 10th weekends. The treatment of
COS significantly increased the total bacteria abundances at the
9th and 10th weekends in the AOM/DSS-induced CRC diseased
mice, whereas there was no significant difference between the
CMCOSe and CACMe groups.

After the 3rd weekend, significant differences in the
abundance of F. nucleatum were observed between healthy mice
(CK and COS) and CRC mice (Supplementary Figure S3).
At the end of experiment (the 10th weekend), the abundance
of F. nucleatum was significantly increased in the CACM and
CACMe groups but was notably decreased in the COS-treated
CACM mice (CMCOS). However, no significant difference was
observed between the CMCOSe and CACM groups.

The abundances of the Enterococcus genus was significantly
increased in the CACM and CACMe groups compared to those
observed in the healthy control mice (CK and COS) after the
6th weekend (Supplementary Figure S4). The treatment of COS
rescued the increase of Enterococcus in the AOM/DSS-induced
CRC mice, which was present at significantly lower abundances
in the CMCOS group than in the CACM group. However,
at the 9th and 10th weekends, the abundance of Enterococcus
in the CACM group significantly increased compared to that

observed in the CACMe group. The abundance of Enterococcus
also increased along with the development of CRC in the CACM,
CACMe, and CMCOSe groups.

As shown in Supplementary Figure S5, the abundance of the
Lactobacillus genus decreased at the 9th and 10th weekends in the
healthy control mice (CK and COS) and in the COS-treated CRC
mice (CMCOS and CMCOSe) and was significantly lower than
those observed in the CRC mice (CACM and CACMe).

Butyrate-producing bacteria were sensitive to AOM, as this
group of bacteria was significantly reduced at the 1st weekend in
all groups given an intra-peritoneal injection of AOM (CACM,
CACMe, CMCOS, and CMCOSe) (Supplementary Figure S6),
with this trend lasted to the end of the experiment. On
the 10th weekend, the quantity of butyrate-producing bacteria
in the COS-treated CRC mice (CMCOS and CMCOSe) was
significantly higher than that observed in the CACM mice
(CACM and CACMe). However, the abundance of butyrate-
producing bacteria was significantly lower in CMCOSe group
than that in the CMCOS group.

Comparison of Bacterial Community
Composition
From the 24 samples, 890,321 valid and trimmed sequences
were obtained, with an average sequence length of 442 bp,
with 460 OTUs obtained at 97% similarity level. The minimum
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number of reads (30,008 reads) sub-sample was taken from
each sample for subsequent analysis. As shown in Table 1,
the observed Coverage values were approximately 1. The alpha
diversity indexes, including Shannon, Chao, Ace, and Sob were
significantly lower in the CACM and CMCOS than in the CK
groups. Compared with the CACM and CACMe groups, the
exchange of cages slightly increased alpha diversity, although a
significant difference was not observed.

Based on the Bray–Curtis method, the hierarchical clustering
with the taxonomic information at the OTU level showed that the
bacterial communities in the CK and COS groups clustered into
one branch, while all of the AOM/DSS treatment groups were
classified into another cluster (Figure 3A). However, the CACM
group clustered away from COS-treated CACM groups (CMCOS
and CMCOSe) and the exchanged CACM group (CACMe).
Similarity, principal co-ordinates analysis (PCoA) also revealed
that the fecal bacterial community in the CACM group was
different from those present in the other groups (Figure 3B).
Samples from the CMCOS, CMCOSe, and CACMe groups were
clustered together and were distinct from the healthy (CK and
COS groups) and CACM groups. The cluster tree and PCoA
indicated that the bacterial communities were separated based on
AOM/DSS, COS and the exchange of cages.

The analysis of similarities (ANOSIM) at OTU (R = 0.8398,
P = 0.001), species (R = 0.7789, P = 0.001), genus (R = 0.6866,

P = 0.001), and family (R = 0.6706, P = 0.001) levels was
conducted. As shown in Supplementary Figure S7, the inter-
treatment differences were greater than the intra-treatment
differences at the family, genus, species and OTU levels in all of
the treatments. These results indicated that there were significant
effects of AOM/DSS, COS and cage-exchanged on intestinal
bacterial community composition.

To analyze the bacterial composition in detail, the percent
of community abundance that exceeded 1% at the phylum,
family, and genus levels are present in Figure 4. Based on the
taxonomic results, Bacteroidetes and Firmicutes were the most
predominant phyla, accounting for 28.89 ∼ 63.70% and 19.26
∼ 40.71%, respectively (Figure 4A). Compared with the CK
group, the percentages of Verrucomicrobia increased in the COS
group (22.24 ± 11.60% vs. 0.65 ± 0.47%, P < 0.05), whereas
Proteobacteria increased in the CACM groups (33.61± 9.01% vs.
0.82 ± 0.19%, P < 0.05) and Firmicutes decreased in CMCOSe
group (19.26± 0.75% vs. 36.23± 12.87%, P < 0.05).

As shown in Figure 4B, 18 families that exceeded 1% of total
bacteria in abundance were observed. Compared with the CK
group, the COS treatment significantly increased the abundance
(%) of Verrucomicrobiaceae (22.24 ± 6.60% vs. 0.65 ± 0.17%)
and Erysipelotrichaceae (22.24 ± 5.60% vs. 0.65 ± 0.47%).
In the CACM group, the percentages of Lachnospiraceae,
Prevotellaceae and Ruminococcaceae significantly decreased

TABLE 1 | The alpha diversity indexes of microbiota at the 10th weekend determined by high-throughput sequencing.

Groups Chao Shannon Sobs Ace Simpson Coverage

CK 392.88 ± 6.30a 4.09 ± 0.33a 361 ± 12.96a 392.35 ± 9.83a 0.05 ± 0.03a 1.00 ± 0.000276a

COS 321.66 ± 25.49ab 3.58 ± 0.30ab 297 ± 25.47ab 326.2 ± 23.52ab 0.08 ± 0.04a 1.00 ± 0.000291a

CACM 228.22 ± 67.49c 3.10 ± 0.46b 198 ± 63.85c 229.02 ± 69.77c 0.11 ± 0.05a 1.00 ± 0.000415a

CMCOS 222.90 ± 49.96c 3.03 ± 0.30b 191.75 ± 41.71c 223.32 ± 48.12c 0.10 ± 0.02a 1.00 ± 0.000253a

CACMe 253.80 ± 36.95c 3.10 ± 0.54b 211.5 ± 41.00bc 241.30 ± 34.83bc 0.12 ± 0.07a 1.00 ± 0.000247a

CMCOSe 260.44 ± 25.93c 3.31 ± 0.17ab 216.75 ± 21.47bc 257.29 ± 24.67bc 0.07 ± 0.02a 1.00 ± 0.000201a

The results were presented as the mean ± standard deviation (SD); n = 4 for each treatment. Analysis of variance (ANOVA) was used, significant differences (P < 0.05)
between treatments are indicated by the letters a, b, or c. CK, control group (P < 0.05); COS, COS-treated group; CACM, AOM/DSS-induced colitis-associated CRC
model mice; CMCOS, COS-treated CACM mice (300 mg/kg COS), CACMe, exchanged CACM group; CMCOSe: exchanged CMCOS group.

FIGURE 3 | Hierarchical clustering (A) and principal co-ordinates analysis (PCoA) of 16S rRNA gene sequences (B). The statistics were performed based on
Bray–Curtis distance, n = 4. PC1 and PC2 explained 37.39 and 20.94% of variation, respectively. CK, control treatment; COS, COS control treatment; CACM,
AOM/DSS-induced colitis-associated CRC model mice; CMCOS, COS-treated CACM mice (300 mg/kg/d COS); CACMe, exchanged CACM treatment; CMCOSe,
exchanged CMCOS treatment.
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FIGURE 4 | Relative abundances at the phylum (A), family (B), and genus (C) levels for bacteria that exceeded 1% of the total. The results are presented as the
mean ± standard deviation (SD); n = 4 for each treatment. ∗Analysis of variance (ANOVA) was used, significant differences between CK and treatments were
indicated (P < 0.05). CK, control treatment; COS, COS control treatment; CACM, AOM/DSS-induced colitis-associated CRC model mice; CMCOS, COS-treated
CACM mice (300 mg/kg/d COS); CACMe, exchanged CACM treatment; CMCOSe, exchanged CMCOS treatment.
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(3.41± 1.75% vs. 21.62± 9.17%, 2.51± 1.07% vs. 21.56± 7.88%,
5.30 ± 2.86%, vs. 12.57 ± 4.21%, respectively), whereas those
of Enterobacteriaceae, Erysipelotrichaceae, and Enterococcaceae
notably increased (29.53 ± 7.05% vs. 0.005 ± 0.002%,
11.88 ± 7.50% vs. 0.003 ± 0.0009%, 5.74 ± 2.64% vs.
0.22 ± 0.09%, respectively). In the COS-treated CACM group,
the increases of Enterobacteriaceae and Enterococcaceae were
reversed, and no significant difference was observed between
the CK and CMCOS groups with respect to Enterobacteriaceae
and Enterococcaceae.

At the genus level, 30 genera that exceeded 1% of the
total bacteria were observed (Figure 4C). Compared with
the CK groups, the COS treatment significantly increased the
percentage of Akkermansia (22.24± 11.60% vs. 0.65± 0.47%). In
the CACM group, the percentages of Escherichia–Shigella
(28.52 ± 7.06% vs. 0.0047 ± 0.0019%), Enterococcus
(10.57 ± 3.70% vs. 0.0028 ± 0.0019%) and Turicibacter
(5.32 ± 2.90% vs. 0.055 ± 0.021%) were significantly increased,
whereas those of Prevotellaceae_UCG-001 (2.51 ± 1.07% vs.
17.21 ± 10.41%), norank_f_Lachnospiraceae (0.78 ± 0.39%
vs. 3.95 ± 2.78%) and unclassified_f_Lachnospiraceae
(0.44 ± 0.24% vs. 3.08 ± 0.89%) were notably decreased
(P < 0.05). However, the COS-treated evidently reversed
the increases of Escherichia–Shigella and Enterococcus
that were induced by AOM and DSS. No significant
difference was observed between the CK and CMCOS
groups at with respect to Escherichia–Shigella and
Enterococcus, while Prevotellaceae_UCG-001 (1.13 ± 0.76%
vs. 17.21 ± 10.41%) and Lachnospiraceae_NK4A136_group
(0.055 ± 0.021% vs. 3.53 ± 1.83%) decreased,
Turicibacter (3.53 ± 1.83% vs. 0.055 ± 0.021%) and
Bacteroides (8.84 ± 5.27% vs. 0.63 ± 0.26%) significantly
increased (P < 0.05).

LaLEfSe analysis was subsequently performed from phylum
to genus level to obtain a cladogram representation and
the characteristic bacteria of the gut microbiota for the
six treatments (Figure 5). Prevotellacea, Lachnospiraceae,
and Ruminococcaceae were dominant in the CK group,
whereas Akkermansia and Lachnospiraceae in the COS
group, Escherichia_Shigella and Enterococcus in the
CACM group, and Bacteroides in the CMCOS group.
The exchange of cages induced shifts in the microbiota,
with characteristic taxa of Lactobacillus and Turicibacter
observed in the CACMe group, whereas Bacteroidales_S24-
7_group and Coriobacteriaceae_UCG_002 were observed in
the CMCOSe group.

Comparison of Fungal Community
Composition
In total, 876,569 valid and trimmed sequences were
obtained from all 24 samples (n = 4), with an average
of 36,524 sequences per sample and an average length
of 401 bp per sequence. All samples were subsampled at
same sequence depth (30,452 reads). The total number
of OTUs at the 97% similarity level was 117. According
to the results of PCA and hcluster, two outliers from the

CK and the COS groups were removed in the subsequent
analyses, respectively.

The alpha diversity indexes of mycobiota are presented in
Table 2. The Chao and Shannon indexes for the CACM group
were significantly lower than that observed in the CK group,
whereas the Simpson index for the CACM group was significantly
higher than that observed in the CK, CMCOS, and CMCOSe
groups. AOM and DSS significantly decreased the alpha diversity
index values of mycobiota, while the COS treatment increased
them. In addition, exchange of cages was less effective at
promoting gut fungal diversity.

The PCA results showed that the samples from the CACM
and CACMe groups clustered, while the samples from the other
groups clustered together (Supplementary Figure S8). These
indicated that the COS treatment reversed the shifts in the fungal
communities induced by AOM/DSS. However, the effect of the
exchange of cages on the mycobiota was limited.

Based on the taxonomic results, 7 phyla that exceed 1%
in abundance were detected (Supplementary Figure S9).
Ascomycota and Basidiomycota were the most predominant
phyla, accounting for 70.59 ∼ 86.61% and 9.42 ∼ 26.30%,
respectively. However, no significant difference was detected
between any two groups at the phylum level. Twenty-
nine families exceeding 1% in abundance are presented in
Supplementary Figure S9, and Trichocomaceae was the most
predominant family. No significant difference was observed
between the CK and COS groups. Compared with the CK group,
norank_o_Sporidiobolales and o_norank_c_Agaricomycetes
significantly decreased in the CACM group (0 vs. 5.95 ± 1.42%;
and 0.11 ± 0.07% vs. 4.84 ± 1.34%, respectively). In addition,
Cystofilobasidiaceae decreased in the CMCOS group significantly
(0.32 ± 0.14% vs.4.24 ± 0.75%) (P < 0.05). Due to the limitation
of the fungal database, only 29 genera exceeding 1% in abundance
were detected (Supplementary Figure S9). Unclassified_f_
Trichocomaceae, unclassified_o_Hypocreales, Boeremia and
Cladosporium were the most dominant genera. Between the
CK and CACM groups, there were significant differences in
norank_o_Sporidiobolales and o_norank_c_Agaricomycetes
at the genus level (P < 0.05). Compared with the CK, Mrakia
was significantly decreased in the CMCOS group (0.32 ± 0.14%
vs.4.24± 0.75%) (P < 0.05).

LaLEfSe analysis from the phylum to species level was
then performed to obtain a cladogram representation and
the characteristic fungi of the gut mycobiota within the six
groups. As shown in Figure 6, the greatest differences in taxa
among the six groups were detected by LDA (score 3.0). In
the CACM group, Trichocomaceae and Eurotiales were the
characteristic fungi, while Sporidiobolales and Pichia in the
CK group, Cladosporium and Microascaceae in the CMCOS
group, and Oligohymenophorea in the CMCOSe group were the
characteristic fungi.

The Correlation Between Gut Microbes
and Environmental Factors
The correlation between intestinal microbes (the most abundant
50 genera or species) and environmental factors (DAI, tumor
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FIGURE 5 | Histogram of the LDA scores for differentially abundant bacteria among the six treatments. Non-parametric factorial Kruskal–Wallis (KW) sum-rank test
was used. n = 4. CK, control treatment; COS, COS control treatment; CACM, AOM/DSS-induced colitis-associated CRC model mice; CMCOS, COS-treated CACM
mice (300 mg/kg/d COS); CACMe, exchanged CACM treatment; CMCOSe: exchanged CMCOS treatment.

multiplicity and cytokines), were analyzed by Spearman
correlation coefficient based on hierarchical clustering and
heatmap analyses. At the genus level, some genera were
strongly positively correlated with disease traits and cytokine
mRNA abundances, such as Escherichia–Shigella, Romboutsia,
Pseudomonas, Vagococcus, Bacteroides, Enterococcus,
Lactobacillus, and Turicibacter. Some taxa were strongly
negatively correlated with disease traits and cytokines, such as
Lachnospiraceae_UCG-001, Alloprevotella, Ruminantium group,
Prevotellaceae_NK3B31 group, Akkermansia, and Alistipes
(Figure 7). Further analysis at the species level showed that

most of highly correlated bacteria were unclassified species from
the corresponding genera at the genus level. However, some
detailed species also were obtained, with Bacteroides uniformis,
Bacteroides caccae, Lactobacillus johnsonii, and Vagococcus
fluvialis were strongly positively correlated with disease severity
(Supplementary Figure S10).

The correlation analysis between mycobiota and the assayed
factors of disease severity (DAI, tumor multiplicity and
cytokines) showed that only several fungi were involved. At
the genus level, unclassified Trichocomaceae was positively
correlated, while Claviceps and norank of Sporidiobolales
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TABLE 2 | The alpha diversity indexes of mycobiota at the 10th weekend determined by high-throughput sequencing.

Groups Chao Shannon Simpson Sobs Ace Coverage

CK 46.17 ± 9.65a 2.59 ± 0.23a 0.12 ± 0.04a 36.33 ± 7.02a 65.71 ± 41.86a 1.00 ± 0.000153a

COS 33.83 ± 7.91ab 2.23 ± 0.32ab 0.18 ± 0.06ab 30.00 ± 2.65a 43.18 ± 22.83a 1.00 ± 0.000122a

CACM 28.00 ± 4.08b 1.78 ± 0.14b 0.30 ± 0.01a 26.75 ± 4.57a 31.29 ± 5.61a 1.00 ± 0.000054a

CMCOS 35.75 ± 8.50ab 2.51 ± 0.35a 0.13 ± 0.04b 35.50 ± 8.19a 37.13 ± 9.90a 1.00 ± 0.000065a

CACMe 36.08 ± 6.04ab 2.22 ± 0.17ab 0.21 ± 0.07ab 35.00 ± 4.97a 36.15 ± 5.87a 1.00 ± 0.000048a

CMCOSe 40.56 ± 5.03ab 2.37 ± 0.29a 0.17 ± 0.08a 38.25 ± 3.69a 41.11 ± 4.74a 1.00 ± 0.000082a

The results were presented as the mean ± standard deviation (SD); n = 3 for the CK and COS groups, n = 4 for the CACM, CMCOS, CACMe, and CMCOSe groups.
Analysis of variance (ANOVA) was used, significant differences (P < 0.05) between treatments are indicated by the letters a, b, or c. CK, control group; COS, COS-
treated group; CACM, AOM/DSS-induced colitis-associated CRC model mice; CMCOS, COS-treated CACM mice (300 mg/kg COS); CACMe, exchanged CACM group;
CMCOSe, exchanged CMCOS group.

FIGURE 6 | Histogram of the LDA scores for differentially abundant fungi among the six treatments. Non-parametric factorial Kruskal–Wallis (KW) sum-rank test was
used. n = 3 for the CK and COS groups, n = 4 for the CACM, CMCOS, CACMe, and CMCOSe groups. CK, control treatment; COS, COS control treatment; CACM,
AOM/DSS-induced colitis-associated CRC model mice; CMCOS, COS-treated CACM mice (300 mg/kg/d COS); CACMe, exchanged CACM treatment; CMCOSe,
exchanged CMCOS treatment.

were strongly negatively correlated with severely these
factors (Figure 8). At the species level, Pichia Kudriavzevii,
Cladosporium herbarum and unclassified Sporidiobolales were
the most negatively correlated species, while unclassified
Trichocomaceae and unclassified Basidiomycota were the most
positively correlated species (Supplementary Figure S11).

The Co-association of Bacteria and
Fungi
To study the possible interactions among microbiota and
mycobiota, the dominant genera (relative abundance > 0.1%)
were used to construct a network. Topological properties are
always used in network analysis to describe the complex pattern
of interrelationships. As shown in Figure 9, the network included
58 nodes and 201 edges. The average network distance between
all pairs of nodes (average path length) was 2.97. The clustering
coefficient (the degree to which they tend to cluster together)
was 0.51. The heterogeneity value (the possibility of hubs) of
this network was 0.792. The majority of the network generated
was cooccurrent interactions (green lines), whereas the others
exhibited mutual exclusions (red lines). Alloprevotella (19 edges),

Eubacterium ruminantium (18 edges), Lachnospiraceae UCG001
(17 edges) and Prevotellaceae NK3B31 (17 edges) were the key
genera of microbiota; and norank Agaricomycetes (5 edges) and
unclassified Trichocomaceae (4 edges) were the key genera of
mycobiota. However, few interactions were observed between
bacteria and fungi.

DISCUSSION

Chitooligosaccharides are considered to be potential
anticancer agents because of their anti-tumor activities.
In this study, the treatment of COS notably decreased
the DAI, the incidence and multiplicity of tumors in the
CMCOS mice. These results indicated that COS suppress
the development of CRC induced by AOM/DSS. In the
COS-treated CRC mice, the levels of COX-2, IL-1β, IL-6, IL-
10, and TNF-α mRNA decreased significantly (P < 0.05).
These results are consistent with previous studies that
showed the suppressive effects of gallate-COS on COX-2
mRNA transcription and TNF-α protein expression in A549
human lung epithelial cells (Vo et al., 2017) and NF-κB
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FIGURE 7 | The correlation between microbiota at genus level and environmental factors (DAI, tumor multiplicity and cytokines). The most abundant 50 genera in
each sample were used to perform the hierarchical clustering and heatmap analyses based on Spearman correlation coefficient. n = 4. TUM, tumor multiplicity; DAI,
disease activity index.

mediated inflammatory related protein expression in CRC mice
(Mattaveewong et al., 2016).

Host genetic and environmental factors, such as (but not
limited to) food, bedding, caging, and temperature shape the
gut microbiota and account for their variability (Campbell et al.,
2012; McCoy et al., 2017). However, litter and cohabitation
had a detectable and measurable contribution in the variation
of the gut microbial communities in the same mouse genetic
background mouse, as mice housed in the same cage begin
to share similar gut microbiota due to mixing by coprophagia
(Benson et al., 2010; Campbell et al., 2012; Buffington et al.,
2016). In this study, to protect the mice with more severe

disease in the CACMe group than those in the CMCOSe, the
cages of the mice were exchanged (shared litters) rather than
cohousing. Strikingly, the DAI score, tumor multiplicity and
IKK-β mRNA abundance were significantly decreased in the
CACMe group compared to the CACM group, whereas the tumor
multiplicity and the COX-2 and IL-1β mRNA abundance were
significantly increased in the CMCOSe group compared to the
CMCOS group. These results indicated that the cage-exchanged
between the CACM and CMCOS mice effectively impacted
the development of CRC. Compared with the independently
caged CACM or CMCOS groups, the microbial community
structure was shifted in the corresponding group with exchanged

Frontiers in Microbiology | www.frontiersin.org 12 September 2019 | Volume 10 | Article 2101121

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02101 September 16, 2019 Time: 16:35 # 13

Wu et al. Microbiota and Mycobiota in Colorectal Cancer

FIGURE 8 | The correlation between mycobiota at genus level and environmental factors (DAI, tumor multiplicity and cytokines). The most abundant 50 genera in
each sample were used to perform the hierarchical clustering and heatmap analyses based on Spearman correlation coefficient. TUM, tumor multiplicity; DAI,
disease activity index.

cages (CACMe or CMCOSe). At the end of the 9th and 10th
weekends, compared with the CMCOS group, the abundance of
Enterococcus and butyrate-producing bacteria in the CMCOSe
group was significantly increased and decreased, respectively.
The samples from the CACMe group clustered away from those
of the CACM group but were close to those of the CMCOSe

and CMCOS groups in the PCoA analysis of microbiota. The
values of fungal diversity indexes (Chao, Simpson, and Shannon)
in the CACM group were different from those in the CK
group; however, the cage-exchanged reversed these alterations.
Furthermore, LEfSe analysis showed that the characteristic
bacteria and fungi shifted in the CACMe (compared to CACM)
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FIGURE 9 | Network analysis indicating interactions among dominant bacteria and fungi. The dominant bacterial and fungal genera that relative abundance >0.1%
were used to generated network based on non-parametric Spearman correlation coefficients.

and CMCOSe (compared to CMCOS) groups. The correlation
analysis between environmental factors and intestinal microbes
also showed the high degree of correspondence with LEfSe. Thus,
the daily exchange of cages effectively promoted the interchange
of microbiota and mycobiota between the CACMe and
CMCOSe groups, indicating that intestinal microbes (especially
microbiota) play an important role in the development of CRC
and the prevention of COS on CAC.

Consistent with previous studies, the imbalances of
microbiota were observed in the AOM/DSS-induce CRC
mice, including decreases in diversity, the reduction of total
bacteria and butyrate-producing bacteria, the enrichment
of Enterococcus and Escherichia–Shigella. However, in this
study, the treatment of COS alleviated these imbalances and
inhibited CRC development. Specific gut bacteria (Fusobacterium
nucleatum, Bacteroides fragilis, Enterococcus faecalis, Escherichia
coli, etc.) are well known to contribute to the development of
CRC through a number of potential mechanisms, including

promoting chronic inflammation, DNA damage and the
production of bioactive carcinogenic metabolites (Keku et al.,
2015). Short chain fatty acids (SCFAs) are generally considered
to be beneficial metabolites in the human gut, and butyrate in
particular is known to have anti-inflammatory effects through
histone deacetylase inhibition and subsequent downregulation
of proinflammatory cytokines (Chang et al., 2014). Prebiotics
and traditional Chinese medicines reduce the risk of colitis and
CRC development by influencing the microbiota. The result of a
study by Higashimura et al. (2016) suggested that the oral intake
of agaro-oligosaccharides prevents high-fat diet-induced gut
dysbiosis, thereby inhibiting colon carcinogenesis. In another
study, black raspberry anthocyanins played a central role in
the chemoprevention of CRC by changing inflammation and
the methylation status of the SFRP2 gene and modulating the
composition of gut commensal microbiota (the abundance
of Desulfovibrio sp. and Enterococcus spp. were decreased
significantly, whereas probiotics such as Eubacterium rectale,
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Faecalibacterium prausnitzii, and Lactobacillus were dramatically
increased) (Chen et al., 2018). Huangqin decoction ameliorates
DSS-induced colitis by altering of the gut microbiota (Yang et al.,
2017). The results of our previous study also suggested that
isoliquiritigenin protects mice from AOM/DSS-induced CRC
by reducing the abundances of pathobionts (Escherichia and
Enterococcus) and increasing those of probiotics, particularly
butyrate-producing bacteria (Butyricicoccus, Clostridium,
and Ruminococcus).

Of the genera altered by the AOM/DSS treatment, the genus
Turicibacter is of particular interest. The intestinal Turicibacter
population, which was previous shown to be a strong indicator
of wild-type mice, exhibited low competitiveness and was
unable to persist in the altered gut resulting from CD45
inactivation (Dimitriu et al., 2013). Zenewicz et al. (2013) also
demonstrated a reduction in the abundance of Turicibacter in the
GI of IL-22 deficiency mice. However, in this study, compared
with the CK and COS groups, the abundance of Turicibacter
significantly increased in all of the AOM/DSS-treated groups,
including the CACM, CACMe, CMCOS and CMCOSe groups.
An increased abundance of Turicibacter was also observed in
our previous studied mice with AOM/DSS-induced CRC, where
isoliquiritigenin treatment was shown to decrease the abundance
of Turicibacter in CRC mice (Wu et al., 2016). Munyaka et al.
(2016) investigated the fecal and colonic mucosa microbial
composition and functional changes in mice treated with DSS
and found that Turicibacter was positively correlated with the
DSS-treated group but negatively correlated with the control
group in the fecal and colonic samples. In light of these data,
Turicibacter may simply be sensitive to DSS and increase in
abundance during or after the development of colitis or CRC.
Thus, the role of Turicibacter in CRC development needs to be
further studied.

It is important to note that the abundance of Akkermansia
was significantly higher in the COS group than in any other
groups. Recently, the results of increasing numbers of studies
have indicated that Akkermansia muciniphila is a component
of the healthy gut microbiome and is a potential probiotic.
A. muciniphila is positively correlated with a lean phenotype,
reduced body weight gain, amelioration of metabolic responses
and the restoration of gut barrier function by modulation of
mucus layer thickness (Dao et al., 2016; Ottman et al., 2017).
The Amuc_1100 protein, which was purified from the outer
membrane of A. muciniphila, induced production of specific
cytokines through activation of Toll-like receptor (TLR) 2 and
TLR4, improved the gut barrier and partly recapitulates the
beneficial effects of the bacterium (Ottman et al., 2017; Plovier
et al., 2017). Akkermansia also has a positive role in inhibiting
cancer development. The clinical responses of cancer patients to
immune checkpoint inhibitors were closely correlated with the
relative abundance of A. muciniphila, and oral supplementation
with A. muciniphila after fecal microbiota transplantation
with non-responder feces restored the efficacy of the PD-1
blockade in an interleukin-12-dependent manner by increasing
the recruitment of CCR9+CXCR3+CD4+ T lymphocytes into
mouse tumor beds (Routy et al., 2018). HuR inhibition in APC
Min mice, a model of FAP and colon cancer, decreased the

number of small intestinal tumors, and increased the abundance
of Prevotella, Akkermansia, and Lachnospiraceae (Lang et al.,
2017). The dramatic increase of Akkermansia in the COS group
in this study suggested that COS is a potential probiotic by
stimulating the growth of Akkermansia. However, Akkermansia
may be sensitive to AOM and/or DSS, because it was not enriched
in all of the AOM/DSS-treated groups, including the CACM,
CACMe, CMCOS, and CMCOSe treatments.

Of particular interest, the abundance of Lactobacillus, which
is most known for its essential use in food fermentation and as
a probiotic, was significantly higher in the CACM and CACMe
groups than in the other groups. The qPCR revealed that the
abundance of Lactobacillus was significantly enriched in the
CACM and CACMe groups at the 6th, 9th, and 10th weekends,
consistent with the results of the LEfSe analysis of sequences
in which Lactobacillus was one of the characteristic genera in
the CACMe group. Even though Lactobacillus is only a minor
member of the human colonic microbiota, the proportion of
this genus is frequently either positively or negatively correlated
with human disease and chronic conditions (Heeney et al.,
2018). Many studies suggested that Lactobacillus was beneficial
to intestinal health, whereas those of other studies indicated that
Lactobacillus was enriched during disease, such as Crohn’s disease
(Wang et al., 2014; Lewis et al., 2015), Type 2 diabetes (Karlsson
et al., 2013), and head and neck squamous cell cancer (Guerrero-
Preston et al., 2016). In this study, L. johnsonii was strongly
positively correlated with the development of CRC. Although
many studies reported that L. johnsonii was the most studied
probiotic bacteria strain (Ashraf and Shah, 2014); Perez-Muñoz
et al., 2014) found that spontaneous inflammation of the colons
of core 1-derived O-glycans-deficient mice was associated with an
increase of L. johnsonii. Thus, it is difficult to conclude whether
Lactobacillus is a driver or just along for the ride in health
and disease. Thus, the enrichment of Lactobacillus during the
development of CRC in this study indicated that the role of
Lactobacillus should be further investigated.

Little is known regarding the relationship between intestinal
fungi and CRC. In this study, fungal diversity significantly
decreased and fungal community composition notably shifted
in the CACM group. These results are consistent with those of
a previous study in which fecal samples were collected from
131 CRC patients and a distinct fungal dysbiosis and alteration
of the fungal network was shown to potentially play important
roles in polyp and CRC pathogenesis (Gao et al., 2017). In this
study, treatment of COS recovered these changes in the CMCOS
group. No significant difference was observed between the CK
and CMCOS groups with respect to fungal diversity, and the
samples from the CMCOS were clustered together with those
from the CK group, and far away from those of the CACM group
in the PCA analysis.

Interestingly, Cladosporium was a characteristic bacterial
genus in the CMCOS group, and was one of the genera that
strongly negatively correlated with tumor multiplicity, DAI
and cytokine levels. Some Cladosporium metabolites have been
reported to be effective at inhibiting the growth of human colon
cancer cells. For instance, an isolated fungal taxol produced
by Cladosporium oxysporum suppressed the growth of six
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different human pathogenic bacteria and the cancer cell line
HCT15 (Gokul Raj et al., 2015). In addition, cladosporols
that were purified and characterized as secondary metabolites
from Cladosporium tenuissimum inhibited the growth of various
human colon cancers derived cell lines (HT-29, SW480, and
CaCo-2) in a time- and concentration-dependent manner,
especially toward HT-29 cells (Zurlo et al., 2013). Thus, the
COS-induced enrichment of Cladosporium may be a potential
factor that inhibited CRC development. However, due to the
very limited reports of fungi in CRC and the even less-reported
effect of cage-exchanged on modulating mycobiota described
in this study, the role of fungi in CRC should be pursued
in future studies.

Pichia kudriavzevii has been isolated from human fecal
samples (Madeeha et al., 2016) and has shown expressed
efficient probiotic properties (Srinivas et al., 2017). Metabolites
secreted by P. kudriavzevii AS-12 demonstrated anticancer
effects by inhibiting cell proliferation and inducing intrinsic
and extrinsic apoptosis in colon cancer cells (Saber
et al., 2017). In this study, P. kudriavzevii was strongly
negatively correlated with tumor multiplicity, disease activity
index and cytokines. Thus, P. kudriavzevii may play an
important role in preventing the development of CRC,
and further research on P. kudriavzevii and CRC needs
to be performed.

Vagococcus fluvialis was previously isolated and characterized
as probiotic strain exhibiting a protective effect against vibriosis
in sea bass (Sorroza et al., 2012) and was also detected in the
root canals and midgut of Culex quinquefasciatus mosquitoes
(Schirrmeister et al., 2009; Chandel et al., 2015). Román et al.
(2013, 2015) reported that V. fluvialis and its extracellular
products had a clear immunomodulatory activity in vitro as
well as the ability to induce cytokine production related to
the immune response. In the present study, V. fluvialis was
highly positively correlated with cytokines, tumor multiplicity
and disease activity index. A relationship between V. fluvialis and
cytokines was easily observed, as transcripts of cytokines (IL-1,
TNF-α, COX-2, and IL-10) were highly up-regulated in sea bass
after a 1-h of incubation with the probiotic strain V. fluvialis L-
21. However, this was the first time that relationship between
V. fluvialis and CRC has been observed. Due to the limitation
knowledge of related references, the role of V. fluvialis in CRC
should be further studied.

In summary, the results of this study provided the first
evidence that microbiota contributed to the antitumor activity
of COS toward CRC. These results were supported by
different presentations of CRC incidence, tumor multiplicity,
expression of cytokines, bacterial community diversity and
composition between the intervention groups, especially between
the separated and cage-exchanged groups (CACM vs. CACMe,
and CMCOS vs. CMCOSe). Notably, these data also provided
evidence that COS inhibited CRC development by enriching
probiotics (Akkermansia and butyrate-producing bacteria) and
decreasing pathobionts (Escherichia_Shigella and Enterococcus).
Moreover, this study also revealed that mycobiota was altered
during the CRC development process, and COS also effectively
recovered the intestinal fungal community composition. Thus,
COS may be a potential therapeutic for the prevention
of CRC development, in part through regulating the gut
microbiota and mycobiota.
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