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Abstract

Background Epidemiological studies demonstrate a link

between gastrointestinal cancers and environmental factors

such as diet. It has been suggested that environmental

cancer risk is determined by the interaction between diet

and microbes. Thus, the purpose of this study was to

examine the hypothesis that microbiota composition during

colorectal cancer (CRC) progression might differ depend-

ing on the stage of the disease.

Methods A total of 28 age-matched and sex-matched

subjects, seven with CRC adenocarcinoma, 11 with tubular

adenomas and ten healthy subjects with intact colon, were

included into the study. Microbiomes from mucosal and

fecal samples were analyzed with 16S ribosomal RNA

gene pyrosequencing, together with quantitative PCR of

specific bacteria and archaea.

Results The principal coordinates analysis clearly sepa-

rated healthy tissue samples from polyps and tumors,

supporting the presence of specific bacterial consortia that

are associated with affected sites and that can serve as

potential biomarkers of CRC progression. A higher pre-

sence of Fusobacterium nucleatum and Enterobacteriaceae

was found by qPCR in samples from CRC compared to

healthy controls. We observed a correlation between CRC

process development and levels of Methanobacteriales

(R = 0.537, P = 0.007) and Methanobrevibacterium

(R = 0.574, P = 0.03) in fecal samples.

Conclusion Differences in microbial and archaeal com-

position between mucosal samples from healthy and dis-

ease tissues were observed in tubular adenoma and

adenocarcinoma. In addition, microbiota from mucosal

samples represented the underlying dysbiosis, whereas

fecal samples seem not to be appropriate to detect shifts in

microbial composition. CRC risk is influenced by micro-

bial composition, showing differences according to disease

progression step and tumor severity.

Keywords Colorectal cancer (CRC) � Adenoma �
Adenocarcinoma �Microbiota � Bacteria � Archaea � Feces �
Mucosal tissue

Introduction

Colorectal cancer (CRC) is the most common malignancy

in the Western World, and it also constitutes the second

most important cause of cancer death, with an overall

5-year survival rate of 64 % [1, 2].
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Colorectal cancer is a multifactorial disease and the

etiology is complex. The majority of CRC occurrences are

considered sporadic, although there is an important genetic

influence in the development of CRCs. There are certain

special risk groups, including Lynch syndrome, familial

adenomatous polyposis, family and personal history of

CRC, some cases of chronic inflammatory bowel disease,

presence of adenomatous colon polyps and age over

50 years. However, environmental factors including diet

and lifestyle and also microbiota are considered to impact

on CRC occurrence [3, 4]. Within the human colon, up to

one hundred trillion bacteria coexist in commensal balance

in healthy individuals, playing a crucial role in food

digestion, protection of intestinal mucosa, and modulation

of the immune system [5]. It has been suggested that the

interaction between diet and microbiota metabolism may

impact on the environmental cancer risk [6]. Because of the

preponderant role of intestinal microbiota in gut develop-

ment and pathology, especially inflammatory bowel dis-

ease (IBD) as a risk factor for CRC [7], early efforts have

focused on elucidating the multifactorial role of gut

microbes in CRC [8]. More recently, many efforts have

been made to unveil the contribution of intestinal micro-

biota to gut diseases, employing culture-independent

techniques. Alterations in microbial community structure

influence the health condition of the colon, as has been

shown, both in humans and animal models [2, 3, 9, 10].

There is evidence of microbial dysbiosis in colorectal

cancer patients, particularly when comparing between CRC

tissue and adjacent non-malignant mucosa [11], as well as

in inflammation-induced tumor progression of some polyps

to cancer [12]. An increase in Bacteroides-Prevotella

group in CRC mucosa was described [13], whereas another

report identified shifts involving more than one genus in

cancer patients [14]. Differences in fecal microbiota have

also been reported between CRC and patients with colonic

polyps compared to controls, with a significant increase of

two Clostridium species [15].

In contrast to gastric cancer, where just one bacteria

(Helicobacter pylori) has been associated to the disease,

many pathogenic species have been assessed as directly

responsible in 15 % of the total CRC cases [16], and

among them Fusobacterium nucleatum has been found to

be strongly prevalent [17]. Akkermansia muciniphila, a

new mucin-degrading bacterium, might also be involved in

the formation of an inflammatory-driven colonic disease

[18]. Additionally, little is known about the relationship

between archaea methanogens species and different colo-

nic diseases, particularly with CRC [19].

It has been suggested that CRC disease develops over

time as sequential multi-step process, known as the ‘‘ade-

noma-carcinoma sequence’’ [20]. Thus, we hypothesized

that microbiota composition during cancer progression

might be different depending on the status of the disease,

and we determine for the first time microbial composition

(both bacteria and archaea) in tumors, colonic polyps and

healthy sites, in many cases from the same individuals. We

compare the microbial population in mucosa samples of

CRC patients with tubular adenomas and adenocarcinoma

vs. healthy controls. Tubular adenomas are usually

removed because of their high tendency to become

malignant and to lead to colon cancer development. We

also evaluated bacterial diversity and composition in fecal

samples of the same patients, in order to study the potential

development of non-invasive diagnostic tools. We studied

microbial composition with two different approaches: a

species-specific quantification of several bacterial and ar-

chaeal micro-organisms (by real-time qPCR) that have

been associated to the disease; and an open-ended, high-

throughput estimate of bacterial diversity (by 16S rRNA

pyrosequencing), in which all genera potentially associated

with colonic polyps, tumors or health conditions can be

identified.

Methods

Subjects and samples collection

Subjects were selected randomly from the Gastroenterol-

ogy Unit of the Hospital Universitario Central of Asturias

(HUCA) in Oviedo, Asturias (Spain). A written informed

consent was obtained from the participants and the study

protocol was approved by the Principality of Asturias

Clinical Research Ethical Committee, Spain. All cases

were adults who underwent ambulatory colonoscopy for

any indication, and in whom neoplastic polyps or colorectal

cancer were detected. We used asymptomatic patients

(61.43 ± 14.7 years old) included in a program of

screening for familial first-degree colorectal cancer as

controls; and excluded patients with hereditary syndromes

(familial adenomatous polyposis [FAP] and hereditary non-

polypoid colorectal cancer [HNPCC]) and with positive

familial antecedents of CRC.

For this study, stool samples and colorectal biopsies

from patients were analyzed. Fecal samples were

obtained at least 1 week before to colonoscopy; these

were immediately frozen and stored at -80 �C until

microbiological analysis. Total colonoscopy was per-

formed under i.v. sedation in both patients and controls,

and they signed a detailed informed consent before the

procedure. The method used for bowel cleaning for all

the participants was as follows: (a) low-fiber diet for

72 h before the colonoscopy; (b) full liquid diet during

the day before the colonoscopy; (c) ingestion of two

tablets of bisacodyl–5 mg, the day before the
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colonoscopy around 7 p.m.; (d) drinking of 1 l of

polyethylene glycol ? ascorbic acid (MoviprepTM) at 8

p.m. on the day before and repeated at the same dose

and quantity at 6 a.m. the same day of the colonoscopy.

The procedure was done in the morning or afternoon,

between 9 and 14 h.

Biopsy samples were taken from the normal mucosa

(rectum) in controls, and from the patients (polyps and

tumor). Two biopsies for histopathological analysis

(Table 1) were obtained, and two more for microbiolog-

ical studies (one from lesion parts and other one from

normal mucosa adjacent to the lesions); these were

immediately frozen and stored at -80 8C, until their

analysis.

DNA extraction

DNA extraction from fecal samples (220–250 mg) and

mucosal tissue (5–15 mg) was performed using commer-

cial kits (Macherey–Nagel, Germany) according to the

manufacturer’s instructions, with a previous glass bead

beating (0.17 mm diameter). DNA concentration and

integrity were measured by calculating A260/280 ratios in

a Quawell Spectrophotometer (Thermo Fisher Scientific).

16S rRNA gene pyrosequencing

The first 500 bp of the 16S rRNA genes were amplified with

the universal eubacterial primers 27F and 533R, using the

Table 1 Subjects and samples included in the study

No Age Gender Location Pathology Underwent

surgery

TNM Biopsy Feces

Control

7 55 F Rectum Normal No – No Yes

9 18 M Rectum Normal No – No Yes

10 56 M Rectum Normal No – No Yes

12 63 F Rectum Normal No – No Yes

14 61 F Rectum Normal No – Yes Yes

16 69 M Rectum Normal No – Yes Yes

20 62 M Rectum Normal No – Yes Yes

23 42 M Rectum Normal No – Yes No

26 60 F Rectum Normal No – Yes Yes

31 40 M Rectum Normal No – No Yes

Polyp

3 61 M Transverse Tubular adenoma No – Yes No

8 41 M Sigmoid Tubular adenoma No – No Yes

13 85 F Cecum Tubular adenoma No – Yes Yes

17 63 M Rectum Villous adenoma No – Yes Yes

18 78 M Cecum Tubular adenoma No – Yes Yes

19 49 M Descending Tubular adenoma No – Yes Yes

24 80 M Rectum Tubular adenoma No – Yes No

25 59 M Sigmoid Tubular adenoma No – Yes Yes

27 60 M Sigmoid Tubular adenoma No – Yes Yes

28 61 M Cecum Tubular adenoma No – Yes No

32 59 M Cecum Tubular adenoma No – No Yes

Tumor

6 81 M Sigmoid Adenocarcinoma Yes T2N1M0 Yes Yes

15 72 M Sigmoid Adenocarcinoma Yes T3N1M0 Yes Yes

21 56 M Transverse Adenocarcinoma Yes T3N0M0 Yes Yes

22 65 M Rectum Adenocarcinoma Yes T2N0M0 Yes Yes

29 79 M Rectum Adenocarcinoma Yes T3N0M0 Yes Yes

30 82 M Descending Adenocarcinoma Yes T2N0M0 Yes Yes

33 63 M Sigmoid Adenocarcinoma Yes T2N0M0 Yes Yes

A sample of normal mucosa and of either polyp or tumor was obtained from patients. TNM system describes the size and/or extent (reach) of the

primary tumor (T), the absence/presence of metastasis in close lymph nodes (N) and the presence/absence of distal metastasis (M)
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high-fidelity AB-Gene DNA polymerase (Thermo Scien-

tific) with an annealing temperature of 52 �C and 20 cycles

to minimize PCR biases [21]. The universal primers were

modified to contain the pyrosequencing adaptors A and B

and an 8-bp ‘‘barcode’’ specific to each sample. Barcodes

were different from each other in at least three nucleotides to

avoid mistakes in sample assignments. Two PCRs were used

per sample, pooling their PCR products before purification,

which was performed using an Nucleofast PCR purification

kit (Macherey–Nagel), and further cleaned by AMPure XP

beads (Roche, Basel, Switzerland) before pyrosequencing.

The final DNA concentration per sample was measured by

picogreen fluorescence in a Modulus 9200 fluorimeter from

Turner Biosystems, and samples were mixed in equimolar

amounts in groups of 20. PCR products were pyrosequenced

from the forward primer end only in one-eighth of pyrose-

quencing plates using a GS-FLX sequencer with Titanium

chemistry (Roche) at the Center for Public Health Research

(CSISP-FISABIO) in Valencia, Spain.

Sequence analysis

Reads with an average quality value lower than 20 and/or

with more than our ambiguities in homopolymeric regions

in the first 360 flows were excluded from the analysis. Only

reads longer than 200 bp were considered, and chimeric

sequences were filtered out using Mothur [22]. The ends of

reads were found to have an increased rate of ambiguous

base calls, and sequences were therefore end-trimmed in

10-bp windows of mean quality values \20 using Prinseq.

Sequences were assigned to each sample by the 8-bp bar-

code and passed through the ribosomal database project

classifier [23], where each read was assigned a phylum,

class, family and genus, as long as the taxonomic assign-

ment was unambiguous within an 80 % confidence

threshold. To estimate total diversity, sequences were

clustered at 97 % nucleotide identity over 90 % sequence

alignment length using the RDP pyrosequencing pipeline,

and rarefaction curves obtained with the program analytic

rarefaction 1.3. For this analysis, sequences over 97 %

identical were considered to correspond to the same oper-

ational taxonomic unit (OTUs), representing a group of

reads that likely belong to the same species [24]. Principal

coordinates analyses (PCoA) were performed with UNI-

FRAC [25] using clustering at 97 % sequence identity. The

Unifrac analysis compares the 16S-estimated diversity with

a phylogenetic approach that takes into account both

taxonomically assigned and unassigned reads.

Bacterial analysis using real-time quantitative PCR

PCR primers were targeted to total bacteria count and also

to Bifidobacterium spp., Lactobacillus spp.; Bacteroides-

Prevotella group; Enterobacteriaceae family; Blautia

coccoides group; Akkermansia muciniphila; Faecalibacte-

rium prausnitzii and Fusobacterium nucleatum (Table S1).

The qPCRs were conducted as previously described [26].

The qPCR amplification and detection were performed in a

LightCycler� 480 Real-Time PCR System (Roche). Each

reaction mixture of 10 ll was composed of SYBR� Green

PCR Master Mix (Roche), 0.5 ll of each of the specific

primers at a concentration of 0.25 lM, and 1 ll of template

DNA. The PCR products were detected in the last step of

each cycle. A melting curve test was made after amplifi-

cation to distinguish the targeted from the non-targeted

PCR product. The bacterial concentration in each sample

was calculated comparing the Ct values obtained from

standard curves. These were created using serial tenfold

dilution of pure culture-specific DNA fragments corre-

sponding to 10–109 gene copies/ml.

Archaea analysis using real-time quantitative PCR

Quantitative real-time PCR was performed using ABI

Prism 7900HT (Applied Biosystems) with four different

primers and probe sets (Table S1): two hidrogenotrophic

orders (methanomicrobiales (MMB) and methanobacteri-

ales (MBT)) and two acetoclastic families (methanosaeta-

ceae (Mst) and methanosarcinaceae (Msc)). Each reaction

mixture was carried out in a total volume of 10 ll con-

taining genomic DNA, 1X Taqman universal PCR Master

Mix (Applied Biosystems), 0.9 lM of forward and reverse

primer and 0.2 lM of the probe. The Taqman Probes were

labeled with the fluorescent dyes FAM (reporter) and

TAMRA (quencher). We also analysed the presence of

Methanobrevibacter genus (MET) and Methanobrevibact-

er smithii (Mnif) by specific-qPCR in a LightCycler� 480

Real-Time PCR System (Roche) using SYBR� Green PCR

Master Mix (Roche). Each reaction mixture of 10 ll was

composed of 0.5 ll of each of the specific primers at a

concentration of 0.25 lM, and 1 ll of template DNA.

All amplifications were performed in triplicate and a

corresponding standard curve was included. Triplicate

results of the qPCR were averaged and the standard devi-

ation calculated. The thermal cycling protocol was as fol-

lows: initial denaturation of 10 min at 95 �C, followed by

45 �C denaturation cycles at 95 �C for 15 s, annealing at

50 �C (Mst-set, Msc-set) or 54 �C (MBT-set) or 55 �C

(MET and Mnif) for 30 s and extension at 72 �C for 30 s.

For the MMB primer set, the amplification was carried out

using a two-step thermal cycling protocol consisting of 45

cycles of 15 s at 95 �C and 90 s at 63 �C.

Standard curves were generated using a plasmid contain-

ing the full-length 16S rRNA gene sequences from the rep-

resentative strains of the target methanogenic group, as

described previously [27]. Genomic DNAs from four archaea
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(Methanobacterium formicicum DSM 1535; Methanoculleus

bourgensis DSM 3045; Methenosarcina barkeri DSM 800

and Methanosaeta concilii DSM 2139; Methanobrevibacte-

rium smithii DSM 2374) were used for standard curves. DNA

concentration was measured with the Picogreen double-

stranded DNA quantification kit (Invitrogen) and a tenfold

serial dilution series (102–109 copies) was generated for each

standard curve and analyzed by quantitative PCR in triplicate

with its corresponding primer and probe set.

qPCR statistical analysis

For statistical analysis, SPSS 17.0 software was used. Due to

the non-normal distribution of microbial data, they were

expressed as medians with interquartile ranges (IQR) and non-

parametric tests were performed. Friedman’s test was used to

compare microbial groups through time (paired samples).

Mann–Whitney U test was used for comparisons between two

groups. For comparisons of more than two groups, Kruskal–

Wallis test was applied, and statistical differences were cor-

rected for a multiple comparison test using the Bonferroni

correction. The v2 test was applied to establish differences in

bacterial prevalence between the studied groups. A P value

\0.05 was considered statistically significant. Spearman rank

test allowed the study of the correlation between variables, and

significance was established at a coefficient of 0.5 %.

Results

Eligible subjects and samples

A total of 28 subjects were included in the study. From those,

seven corresponded to the CRC group, 11 to the tubular

adenoma (polyp) group and ten healthy individuals to the

control group. There were seven males in the CRC group, and

ten males and one female in the polyp group. In the healthy

group, six males and four females were included. The mean

(±SD) age of the subjects was 71.1 ± 10.1 years for the

CRC group and 63.3 ± 13.1 years for the polyp group,

whereas the age of the healthy group was 52.6 ± 15.2 years.

One biopsy and one fecal sample were collected from each

patient and each healthy subject, with some exceptions.

Finally, we collected four complete sets of samples for the

healthy group, six for the polyp group and seven for the

adenocarcinoma group. Patient characteristics and details of

the surgical treatment performed are shown in Table 1.

Mucosal and fecal microbiota composition

by 16S rRNA gene pyrosequencing

After sequence length and quality filtering, we obtained an

average of 3,494 reads of the 16S rRNA gene per sample.

Sequences are available in the MG-RAST server with

accession numbers 4542409.3 through 4542468.3, under

the project name ‘‘Colorectal Cancer Microbiota’’. The

16S rRNA reads were grouped by sample type, and the

number of sequence clusters at 97 % of sequence identity

was used as an estimate of the approximate number of

species, given that a 3 % of divergence in this gene has

been established as the threshold for prokaryotic species

boundaries [24]. The number of species-level ‘‘operational

taxonomic units’’ (OTUs) was related to the sequencing

effort in rarefaction curves, where the level of bacterial

diversity can be compared between sample types (Fig. 1).

Tissue samples were found to have almost half of the

diversity observed in fecal samples (Fig. 1a). This could be

the outcome of fecal material gathering microbial cells

from the whole gastrointestinal tract, whereas biopsies are

more specific samples that exclusively represent the mic-

robiota at the sampling site. Thus, feces are likely to con-

tain a large number of microbial species unrelated to the

disease site, which may introduce noise in the detection of

potential biomarkers of the disease.

When the different biopsies were analyzed, tumor

samples displayed the highest level of diversity, having an

estimated number of species 75 % higher than tissues from

healthy sites, which were used as a control (Fig. 1b). Polyp

samples displayed intermediate diversity values.

The bacterial compositions of different samples, as

estimated by assignment of the 16S rRNA reads to the RDP

database, show that feces and biopsies contain very dif-

ferent bacterial communities, with some genera like

Bacillus or Staphylococcus being absent in fecal material

(Fig. 2). In addition, all three fecal samples (from indi-

viduals having polyps or tumors, as well as from healthy

controls) showed a similar bacterial composition at the

genus taxonomic level. Tissue samples did show differ-

ences between healthy and affected tissues with several

genera, like Blautia and Prevotella, which were virtually

absent in healthy tissues but present in similar proportion in

polyps and tumors, and could therefore be used as potential

biomarkers of the disease.

Current sequence length of pyrosequencing reads makes

taxonomic assignment at the genus level very reliable, but

it is not sufficient for accurate species-level assignment.

However, species-level PCoA is independent of taxonomic

assignment, and allows a graphic representation where

samples occupy a position in a three-dimensional (3D)

space, depending on their bacterial composition [25].

When a PCoA was performed with the samples grouped by

sample type, over 90 % of the variability in the data could

be explained by the first three components of the analysis

(Fig. 3). In this robust analysis, all three fecal samples

clustered closely to each other, indicating that they may not

have an appropriate signal to distinguish healthy from
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diseased individuals. In addition, they had a similar bac-

terial composition to biopsies from healthy sites. However,

the principal component of the analysis clearly separated

healthy tissue samples from polyps and tumors, supporting

the presence of specific bacterial consortia that are asso-

ciated with affected sites and that can serve as bacterial

biomarkers of colorectal cancer progression. Thus, species-

specific detection methods such as qPCR could represent a

promising approach for diagnostic purposes.

Mucosal and fecal microbiota composition (Archaea

and Bacteria) by qPCR

We observed differences in microbiota composition

between patients suffering CRC (n = 15) and those who

had normal colon (n = 9). From the four Archaea groups

analysed, Methanobacteriales was the unique group

detected in both feces and biopsies that were analysed

(Tables 2, 3) and we included Methanobrevibacterium and

M. smithii as major representative genus and species in

human colon. Higher levels of Bifidobacterium spp.

(P = 0.069) and lower levels of Methanobacteriales

(P = 0.040) and Methanobrevibacterium (P = 0.030)

were present in fecal samples from healthy subjects

(n = 9) compared to the CRC group (polyp and tumor,

n = 15). Higher presence of Fusobacterium nucleatum was

observed in fecal samples from CRC compared to controls

(9/15, 60 vs. 2/9, 22.2 % and v2 test P = 0.07, respec-

tively). Interestingly, we also found higher levels and

higher abundance of Enterobacteriaceae in mucosal tissue

samples from CRC groups than in controls (P = 0.034 and

prevalences 7/15, 46.6 % vs. 0/5, 0 % and v2 test

P = 0.05, respectively). Faecalibacterium prausnitzii pre-

sence was also lower in the CRC group compared to

controls (2/15, 13.3 vs. 2/5, 40 % and v2 test P = 0.06);

however the presence of Akkermansia muciniphila was

higher in mucosal samples from CRC than in controls (5/

15, 33.3 vs. 0/5, 0 %, and v2 test P = 0.136). We also

observed a higher presence of Blautia coccoides in CRC

than in control samples (13/15, 86.7 vs. 2/5, 40 % and v2

test P = 0.036).

When CRC samples are divided in two different disease

phases, tubular adenoma (polyp group) and adenocarci-

noma (tumor group), we also observed microbiota com-

position differences in both feces and mucosal samples

(Tables 2, 3). Lower, although not statistically significant

levels of Bifidobacterium spp. (P = 0.081) and higher

levels of Lactobacillus (P = 0.064) were detected in fecal

samples from controls (n = 9) compared to those observed

in the tumor group (n = 7). Significantly higher levels of

Enterobacteriaceae family were found in mucosal samples

from tumor compared to polyp groups (P = 0.035).

Significantly higher levels of fecal methanobacteriales

were observed when comparing the control group and the

tumor group (P = 0.0033), but no differences between

controls and adenoma were observed (colonic polyp)

(P = 0.48). Additionally, no significant differences

between tumor and polyp samples were found (P = 0.189).

Methanobrevibacterium was also significantly higher in

fecal samples from the tumor group than in controls

(P = 0.003); however no differences were found in M.

smithii (P = 0.136). We observed a correlation between

the CRC process development and fecal levels of met-

hanobacteriales (R = 0.537, P = 0.007), as well as with

the levels of Methanobrevibacterium genus (R = 0.574,

P = 0.03).

Mucosal and fecal microbiota composition in health

and disease

Differences in bacterial diversity were observed in mucosal

tissue samples (healthy and CRC tissue samples) from the

same individual. We observed different microbial profiles

between mucosal samples with polyp and adenocarcinoma

Fig. 1 Microbial diversity of mucosal tissue (biopsies) and intestinal

content (feces). Graphs show rarefaction curves by estimating of the

number of bacterial species, as inferred by the number of operational

taxonomic units (OTUs). An OTU was a cluster of 16S rRNA

sequences that were over 95 % identical, a conservative estimate for

the boundary between species, established at 97 % for full-length

16S gene sequences. a shows rarefaction curves for biopsies and fecal

samples. b shows rarefaction curves for the biopsies from the three

groups (control, polyp and tumor)
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compared to their corresponding healthy tissue section.

Lower abundances of Staphylococcus and Bacillus and

higher abundances of Escherichia-Shigella and Prevotella

were observed in mucosal samples from polyps compared

to the other tissues, suggesting the potential of those bac-

terial groups for the diagnosis of CRC development. The

abundance of Streptococcus together with Escherichia-

Shigella were remarkable in polyps and tumors compared

to their corresponding healthy tissue and to the control

group. The above results are very promising in the search

of disease biomarkers, but a non-invasive sample like fecal

material would be more appropriate for developing a

diagnostic protocol. Although the PCoA performed showed

that fecal samples are not as informative as biopsies, sev-

eral microorganisms were found to differ between healthy

and diseased samples for which fecal material as well as

healthy and diseased tissue samples were available for the

same individuals.

The adenocarcinomas were classified according to TNM

system (Table 1). Although the number of samples is not

sufficient to make a robust statistical comparison, we

analyzed the impact of tumor severity (T2 and T3) on

microbiota composition in order to find a potential bio-

marker in non-invasive samples. Greater severity of the

tumor was related with higher abundance of Parabacte-

roides (0.9 % in T2 vs. 2.3 % in T3, T test P = 0.03) and

Fig. 2 Bacterial taxonomic composition of tissues and feces associated with healthy and CRC samples. The graphs show the proportion of

bacterial families (a) and genera (b) as inferred by PCR amplification and pyrosequencing of the 16S rRNA
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non-significant lower abundances of Prevotella (20.2 % in

T2 vs. 7.4 % in T3, T test P = 0.802) and Faecalibacte-

rium spp (8.7 % in T2 vs. 6.1 % in T3, T test P = 0.203) in

fecal samples, suggesting those bacterial groups as poten-

tial biomarkers of the developmental CRC process. We

also checked the impact of tumor severity in mucosal

samples, and observed lower frequency of Staphylococcus

in advanced tumors (31.5 % in T2 vs. 3.2 % in T3, T test

P = 0.049). Higher abundance of Staphylococcus was

detected in T3 mucosal biopsies from healthy tissues

compared to adenocarcinoma tissue (14.9 % in healthy

tissue vs. 3.1 % in tumor tissue, T test P = 0.05). Higher

abundance of Staphylococcus was related to lower malig-

nancy and was also associated with healthy tissues

(49.46 % in T2 healthy tissue; 31.46 % in T2 adenocarci-

noma tissue; 14.86 in T3 healthy tissue and 3.12 % in T3

adenocarcinoma tissue). Furthermore, in T3 status, we also

found a lower abundance of Streptococcus in healthy than

in adenocarcinoma tissue (1.67 % in healthy tissue vs.

8.8 % in tumor tissue, T test P = 0.09). This trend was also

Fig. 3 Principal coordinates analyses (PCoA) based on the bacterial

composition of samples included in the study. a Distribution of

samples (H correspond to fecal samples; and biopsies are classified as

healthy [S], polyp [P] and tumor [T]). b General distribution of all

samples included in the study (F feces, B biopsies), which were

classified in three groups (Control, Polyp and Tumor)

Table 2 Microbiota composition of fecal samples, detected by qPCR and grouped by type of case (polyp and tumor)

Bacteria Log no gene copies/mg Mann–Whitney

U test

Kruskal–Wallis test

Pr Control (n = 9) Case (n = 15)

Pr Polyp (n = 8) Pr Tumor (n = 7) P value 1 P value 2

Total bacteria 9 7.88 (7.72–8.28) 8 8.00 (7.59–8.29) 7 8.20 (7.95–8.50) 0.355 0.563

Bifidobacterium group 9 6.09 (5.42–6.32) 8 5.67 (4.74–6.15) 7 5.60 (5.16–6.10) 0.986 0.189

Blautia coccoides group 9 7.27 (7.08–7.46) 8 7.31 (6.84–7.58) 7 7.25 (7.18–7.63) 0.990 0.926

Enterobacteriaceae family 9 4.41 (3.96–5.52) 8 4.51 (4.33-5.77) 7 5.25 (4.65-5.97) 0.298 0.397

Lactobacillus group 9 2.93 (2.52–3.23) 8 3.06 (2.64-4.50) 7 3.59 (2.68-5.83) 0.487 0.233

Bacteroides-Prevotella group 9 7.40 (6.98–7.74) 8 7.33 (6.67–7.47) 7 7.36 (6.89–7.83) 0.487 0.789

Faecalibacterium prausnitzii 9 5.15 (4.64–5.34) 8 5.25 (4.96–5.50) 7 5.19 (5.01–5.65) 0.954 0.687

Akkermansia muciniphila 5 4.90 (3.47–4.85) 4 2.97 (2.30–4.39) 5 3.71 (3.21–4.32) 0.327 0.198

Fusobacterium nucleatum 2 4.16(3.47–4.85) 3 4.26 (4.14–4.52) 6 4.70 (3.85–5.15) 0.439 0.659

Archaea

Methanobacteriales 9 3.43 (3.36–3.63) 8 4.24 (3.34–5.35) 7 6.28 (4.49–6.53) 0.189 0.031

Methanobrevibacter 9 3.10 (2.88–3.55) 8 3.75 (2.88–5.30) 7 5.60 (3.84–6.00) 0.129 0.019

M. smithii 4 3.09 (2.85–3.70) 6 3.54 (2.88–5.06) 6 4.98 (3.54–5.75) 0.200 0.245

Data were obtained from positive samples and are shown as median and interquartile ranges (IQR). Statistical analysis was calculated using the

Kruskal–Wallis test. Statistical differences were corrected for a multiple comparison test using the Bonferroni adjustment, and significant

differences among groups were considered as having a P value \0.017 (0.05/3)

Prevalence (Pr) reflects the percentage of positive amplifications from total samples analysed by PCR (n number of samples analysed)

P value 1 comparison between tumor (n = 7) and polyp (n = 8) groups

P value 2 comparison between three groups
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observed in tumor tissues between T2 and T3 groups

(1.5 % in T2 vs. 8.8 % in T3, T test P = 0.13). Although

no significant differences were found in the Escherichia-

Shigella group, we observed an interesting trend, where

increased abundance of this group was related to tumor

status (T2 vs. T3), and also with both mucosal tissue

samples (0.22 % in T2 healthy tissue; 0.97 % in T2 ade-

nocarcinoma tissue; 2.85 % in T3 healthy tissue and

13.22 % in T3 adenocarcinoma tissue).

Discussion

Although the etiology of colorectal cancer (CRC) is mul-

tifactorial and complex, there is increasing experimental

evidence that gut microbiota and their metabolism are

linked to CRC development [28]. Whether the contribution

to CRC process is generated through intestinal microbial

dysbiosis or by specific pathogens is still under discussion.

However, host–microbe interactions are mediated by dif-

ferent processes that may include the stimulation of

immune system, metabolism and gene expression [29].

Previous studies using both culture-dependent and culture-

independent techniques have helped to elucidate the asso-

ciation of one or more microbial species with CRC.

Although there is neither clear definition nor right

distinction between healthy or normal microbiomes, recent

efforts have begun to identify specific perturbations that are

indicative of some cancer disease states [28, 30], and some

specific gut bacteria have been associated with the patho-

genesis of CRC [4, 13, 31]. Similar microbial dysbioses

have been described in inflamed colonic mucosa from

patients with Inflammatory Bowel Disease (IBD), which

has been considered to increase the risk of CRC, compared

to control ones [32]. Recently, it has been described that

intestinal microbiota also change after surgery for CRC

[33].

In this study, we compared the microbial population in

mucosa samples of CRC patients presenting polyps or

colonic tumors vs. healthy controls. The higher bacterial

diversity detected at diseased sites is contrary to the general

trend of higher diversity observed in healthy human tissues

in inflammatory or infectious diseases compared to dis-

eased sites. This has been interpreted as enrichment at

diseased sites of a reduced number of microorganisms that

thrive at the specific conditions of the new niche, at the

expense of many other microbial species that would be

more sensitive to environmental changes. In addition, the

lower bacterial diversity detected in tumors could be due to

a hampered immune response in the diseased tissue.

However, the observed higher microbial diversity in tumor-

associated sites compared to normal tissue has also been

Table 3 Microbiota composition of biopsy samples, detected by qPCR and grouped by type of case (polyp and tumor)

Bacteria Log no gene copies/mg Mann–Whitney

U test

Kruskal–Wallis test

Pr Control (n = 5) Case (n = 15)

Pr Polyp (n = 8) Pr Tumor (n = 7) P value 1 P value 2

Total bacteria 5 5.56 (4.03–6.03) 8 5.09 (4.72–5.52) 7 5.78 (5.03–6.08) 0.266 0.549

Bifidobacterium group 1 – 2 3.90 (2.95–4.02) 2 3.58 (3.01–4.86) 0.986 0.741

Blautia. coccoides group 2 5.61 (5.57–5.66) 6 4.41 (4.31–5.05) 7 4.53 (3.65–5.28) 0.886 0.309

Enterobacteriaceae family – – 3 4.58 (4.42–4.70) 4 3.80 (3.07–4.35) 0.035 0.034

Lactobacillus group 1 – – – 3 3.71 (3.64–4.16) – 0.180

Bacteroides-Prevotella group 2 5.25 (5.00–5.51) 5 4.09 (3.89–5.20) 6 4.15 (3.70–5.10) 0.855 0.379

Faecalibacterium prausnitzii 2 3.12 (3.07–3.18) 1 – 1 – 0.317 0.259

Akkermansia muciniphila – 2 2.10 (2.00–2.20) 3 2.20 (2.07–2.40) 0.564 0.564

Fusobacterium nucleatum – – 2 5.25 (4.62-5.75) 2 4.55 (4.40–5.80) – 0.439

Archaea

Methanobacteriales 5 4.38 (4.02–4.39) 8 4.27 (4.11–4.52) 7 4.87 (4.25–5.02) 0.541 0.340

Methanobrevibacter 3 3.50 (2.88–3.60) 5 3.90 (3.25–4.08) 5 3.72 (3.27–4.60) 0.754 0.590

M. smithii 3 3.34 (3.30–3.40) 5 3.82 (3.22–4.13) 5 3.66 (3.34–4.26) 0.808 0.872

Data were obtained from positive samples and are shown as median and interquartile ranges (IQR). Statistical analysis was calculated using the

Kruskal–Wallis test. Statistical differences were corrected for a multiple comparison test using the Bonferroni adjustment, and significant

differences among groups were considered as having a P value 2 \0.017 (0.05/3)

Prevalence (Pr) reflects the percentage of positive amplifications from total samples analysed by PCR (n number of samples analysed)

P value 1 comparison between tumor (n = 7) and polyp (n = 8) groups

P value 2 comparison between three groups
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reported previously [34]. This could be the consequence of

the intense irrigation of tumors and polyps, which probably

enriches the tissue in nutrients, supporting a higher

microbial diversity.

It has been demonstrated that Clostridium leptum and

Clostridium coccoides (reclassified as Blautia coccoides)

subgroups were specific to CRC and polyposis [15]. We

also observed a higher presence of Blautia coccoides

detected by qPCR in both fecal and mucosal samples

from CRC groups when compared to the control group,

and the presence was higher in samples belonging to the

adenocarcinoma group, suggesting that these organisms

could be interpreted as biomarkers of disease

development.

Similar results were obtained by pyrosequencing, where

specific groups such as Blautia and Prevotella were vir-

tually absent in healthy tissues, but were present in similar

proportion in polyps and tumors, and could therefore be

used as potential disease biomarkers. In line with that

observation, we found a higher presence of Prevotella in

fecal samples from CRC than in healthy samples (29.2 %

vs. 14.2 %, respectively; T test P = 0.09). In addition, the

number of sequences of Prevotella increased significantly

from healthy controls (0.08 % from total) to polyp (2.93 %

from total) and tumor (3.06 % from total) groups. By

qPCR, we observed a higher presence of the Bacteroides-

Prevotella group in mucosal CRC samples (polyp and

tumor) than in healthy controls (11/15, 73.3 vs. 2/5, 40 %

respectively, v2 test P [ 0.05). In addition, the number of

sequences of Bacteroides increased significantly from

healthy controls (2.28 % from total) to polyps (2.93 %

from total) and tumors (4.97 % from total). Thus, our

results are in agreement with previous reports showing that

members of the genus Bacteroides have higher coloniza-

tion rates in CRC patients [13].

Furthermore, an increased presence of Enterococcus

spp. in CRC fecal samples has been reported [31, 35, 36].

Our data showed that Enterococcaceae family was present

in all samples, but its proportion was higher in the polyp

group (1.5 % from total) than in healthy controls (\0.1 %

from total) and adenocarcinoma (0.44 % from total). These

data may suggest that higher presence of this group could

be a biomarker to detect polyps and a risk factor of CRC.

Several studies have reported the role of mucin-

degrading bacteria such as Akkermansia muciniphila

(Verrucomicrobia group) in the pathogenesis of inflam-

matory diseases [37]. We found a higher (although not

statistically significant) presence of A. muciniphila in CRC

groups than in healthy subjects in mucosal biopsies (5/15,

33.3 vs. 0/5, 0 %, respectively; v2 test P [ 0.05). In

agreement with our data, a recent study showed that Akk-

ermansia muciniphila was about fourfold higher in CRC

(P \ 0.01) than in control patients [38].

Metagenomic analyses indicate that Fusobacterium

species are linked to CRC [17, 28, 39], but their potential

role in the disease progression remains unclear. Our

observations further confirm that trend, as we observed a

significantly higher presence of Fusobacterium nucleatum

in mucosal samples from the CRC group (4/15, 26.6 %),

compared to the healthy group (0/5, 0 %). In line with our

results, increased frequencies of Fusobacterium species

were also reported in CRC tumor tissues compared to

controls [17, 28, 40]. Recent studies reported higher pre-

sence of Fusobacterium spp. in human colonic adenomas

(polyps) and also, in stool samples from adenoma and

tumor carcinoma patients compared to healthy subjects

[28, 40, 41]. Within the CRC group, we also observed

differences in the presence of Fusobacterium nucleatum

between adenoma (polyp) and tumor groups. Higher pre-

sence of F. nucleatum was observed in tumors than in

polyp groups in both fecal (6/7, 85.7 vs. 3/8, 37.5 %,

respectively and v2 test P = 0.05) and mucosal samples

(2/7, 28.6 vs. 2/8, 25.0 %, respectively and v2 test

P [ 0.05). By pyrosequencing, we also confirmed the

higher presence of Fusobacterium in samples from CRC

compared to controls in both feces and mucosal biopsies.

Thus, a higher presence of Fusobacterium would be rep-

resentative of high risk of CRC, and also a potential

biomarker of carcinogenesis development. We also found

that higher levels of Fusobacterium were related to lower

levels of Faecalibacterium prausnitzii. Although we did

not observe significant differences in the levels of F.

prausnitzii in feces and mucosal biopsies, we observed a

tendency suggesting a higher presence of this bacterium in

healthy mucosal samples compared to those observed in

CRC groups (2/5, 40 vs. 2/15, 13.3 % respectively, and v2

test P = 0.19). It has been reported that F. prausnitzii

levels decreased significantly in CRC patients compared

to healthy subjects [31, 35]. Thus, our data, together with

previous studies, suggest a key role of the butyrate-pro-

ducing bacteria F. prausnitzii as a healthy biomarker in

the prevention of CRC. We also observed higher levels of

Bifidobacterium spp. in fecal samples from the healthy

group compared to the CRC groups. Bifidobacterium

species have been suggested as key biomarkers of a

healthy gut, and are hypothesized to affect host–microbe

interaction, immune modulation and inflammatory

response [42]. It has been reported that lower levels of

Bifidobacterium spp. have been related to inflammatory

related-diseases such as allergy, metabolic disorders and

obesity [26, 43, 44]. Chronic inflammation is thought to

be the leading cause of CRC, but the mechanisms

involved in this process are still poorly understood. It has

been suggested that there is an over-reaction of the

immune system toward antigens of the gut microbiota,

leading to chronic inflammation [45]. An imbalanced gut
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microbiota composition may trigger a low-grade inflam-

matory state, or ‘metabolic endotoxaemia’, by rendering

the host liable to systemic exposure to the lipopolysac-

charide (LPS), a large glycolipid derived from the outer

membrane of Gram-negative bacteria, mainly of the

Enterobacteriaceae family [46]. In consonance with these

data, we observed that the levels of Bifidobacterium spp.

were negatively correlated to enterobacterial levels, and

we observed higher levels of Bifidobacteria in healthy

samples, indicating that this group would be an interesting

health biomarker and suggesting their potential use as

probiotics to modulate the microbiota and to impact on the

immune system and inflammation. The potential effects of

probiotics on cancer are well documented [47]. It has been

suggested that beneficial bacteria present in the gut mic-

robiota and/or probiotics such as Lactobacillus and Bifi-

dobacterium species have the potential to inhibit the

development and progression of the intestinal cell prolif-

eration [48, 49]. Further experimental models and clinical

trials are needed to understand the role of probiotics on

colon cancer prevention and development, as well as to

investigate the exact mechanisms involved in the disease.

The characterization of methanogens in the human colon

and its role with health and disease remains incomplete.

Methanobrevibacter smithii is the predominant methano-

gen in the human colon [50, 51]. There is an increasing

interest in the archaea populations in the gut and their role

in human health. Archaea spp. have been suggested as

environmental factors in some diseases, such as obesity

[52, 53] and pneumatosis cystoides intestinalis [54]. We

observed higher levels of Methanobacteriales in samples

from CRC group (polyps and tumors) compared to healthy

ones. Significantly higher levels of Methanobacteriales

were found in adenocarcinoma than in tubular adenoma

(polyp). Our data are in agreement with previous studies

where it has been shown that higher levels of breath

methane have been reported in patients with ulcerative

colitis, intestinal polyposis and tumors [55, 56] compared

to healthy patients. However, another study [19] reported

higher levels of methanogens (range 45–50 %) in CRC,

polyps, and also in the healthy control group. Thus, further

studies are needed to understand the role of methanogens

on CRC.

In summary, we have identified a different level of

diversity in healthy and CRC samples, as well a dysbiosis

signature of the gut microbiota in two stages of CRC,

tubular adenoma and adenocarcinoma, using a case–con-

trol study. Mucosal samples represented the most dis-

tinctive microbiota profile allowing the discrimination

between two stages of the CRC progress. There are

exclusive microbial families and genera present in each

group (Fig. 4), suggesting the potential existence of dis-

ease biomarkers. Our study showed that observed abun-

dance and detection rate of species belonging to the

Fusobacterium, Bacteroides, and Methanobacteriales may

provide a potential marker for early detection of CRC.

Further data on the relationship between these diverse

organisms and CRC etiology may help monitor an indi-

vidual’s microbiota for early detection of CRC, as well as

to design preventive strategies based on the administration

of probiotic strains.
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Fig. 4 Venn diagrams at the family level (a) and genus taxonomic levels (b). Data indicate the number of shared and unique taxa in the

microbiota present in mucosal tissue samples according to the type of biopsy (Control, Polyp and Tumor)
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