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Figure 3 Microbial interaction network for (A) colon cancer tumour microbiota and (B) subset of direct connections to colon
cancer-associated taxa in tumour samples. Nodes represent genus-level summarised taxa and are coloured by phylum. Edges
were retained only if supported by two of the following methods: Spearman, Pearson, Bray-Curtis and Kullback-Leibler and
FDR<0.05. Positive associations are denoted by green edges and negative associations are denoted by red edges. FDR, false

discovery rate.

find significant correlations between bacterial abundance
and length of probiotic intervention; however, the power
of detection may have been limited by small sample size
(data not shown, Spearman correlation p>0.1).

DISCUSSION

Interactions between the intestinal microbiota and CRC
may be bidirectional, where a dysbiotic microbiome pro-
motes carcinogenesis, or possibly the tumour micro-
environment and related inflammatory state cause
microbial dysbiosis.”® ** Our results establish that a dis-
tinct microbial community exists in the colonic tumour
and adjacent mucosa, which was characterised in our
study by increased microbial diversity and the differen-
tial abundance of numerous bacterial groups compared
with non-cancer control samples. A corresponding dif-
ferential clustering of CRC-associated mucosal microbio-
tas from those of healthy volunteers has been reported
in several 16S rRNA-based sequencing analyses, although
it was not always linked to increased o-diversity.® ** #* 5
The enrichment of microbial diversity in CRC tumour
tissue contrasts with trends of greater diversity typically
observed in microbiota samples derived from healthy
populations. Putative explanations for the increased
diversity in CRC tumour tissue are that the nutrient-rich
microenvironment may support a more diverse consor-
tium of microbial species® or that it represents a transi-
ent state during dysbiosis formation. This finding is
noteworthy considering that the increase in diversity was
not observed in colon cancer-derived faecal samples,
and therefore may signify that this feature is characteris-
tic of the tumour microenvironment.

The colon cancer-associated microbiota signature in
our study was characterised in part by increased abun-
dance of Peptostreptococcus and Fusobacterium, both genera
that contain opportunistic oral pathogens known to

cause infections such as periodontitis. The over-
representation of these typically oral-associated organ-
isms in CRC-associated samples is especially intriguin

and has been recently examined in the literature.”® *

Fusobacterium has several attributes that make it uniquely
adapted to the tumour-microenvironment, such as being
asaccharolytic, and it has been shown to accelerate
tumorigenesis and promote a pro-inflammatory environ-
ment.”” *® These organisms have been repeatedly asso-
ciated with CRC-associated microbiotas and therefore
have been proposed as microbial markers for
CRC.? ** * The consistency of data linking these specific
genera with CRC is substantial, considering the complex-
ity of the gut microbiome and differences in population
attributes, sampling and analyses methods across studies.
Specifically, Fusobacterium nucleatum, Peptostreptococcus
anaerobius and Parvimonas micra have shown promise as
microbial CRC markers due to an increased relative
abundance of 132-fold, 37-fold and 41-fold, respectively,
among patients with CRC in a large cohort study (103
CRC patients and 102 controls analysed).” We found
that Peptostreptococcus was increased in all three colon
cancer-associated sample types (mucosa, tumour, faeces)
and was not present at detectible levels in non-cancer
control samples. Similarly, Fusobacterium was elevated over
30-fold between tumour and control biopsies, supporting
the importance of these bacteria as potential CRC
markers. Additionally, we have shown that these CRC
tumour-associated organisms are positively associated and
co-occur within the same samples. Their known high cap-
acity to colonise the mucosa and form biofilms in the oral
microbiome may suggest that a similar mechanism of col-
onisation occurs in CRC. Oral commensals and pathogens
that are associated with CRC may act as dysbiosis-
triggering organisms,” and further studies are warranted
to determine whether the origin of specific strains can be
linked between oral and CRC tumour sites.*
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Figure 4 Heat map with
two-way hierarchical clustering of
genus-summarised microbiota
abundance and sample grouping
for mucosal and tumour
microbiotas from patients with
colon cancer at colonoscopy and
surgery (with or without
probiotics), and for non-cancer
control mucosal microbiota at
colonoscopy.
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Additional differentially abundant taxa over-represented
in colon cancer tumour and mucosa samples included
the phyla Tenericutes and Euryarchaeota as well as the
genus Methanobrevibacter. Tenericutes was found to be less
abundant compared with controls in faecal samples

suggesting the colon cancer association was localised to
the mucosal surface or that different organisms were
detected from this phylum between the sample types.
Both Tenericutes and Methanobrevibacter have previously
been associated with adenoma or CRC microbiotas, and
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the phylum Tenericutes includes parasitic pathogens
(Mollicutes) that have previously been suspected as causal
agents in other cancers.® ** *' Methanobrevibacter has been
linked to a multitude of intestinal disorders, periodontitis
and CRC, although the mechanism of CRC association is
unknown.* Tt was negatively associated with Fusobacterium
in our network analysis, suggesting a different mechanism
of involvement in CRC. Other tumour-associated genera
were from within Firmicutes (Selenomonas, Clostridium,
Dialister and Parvimonas); however, contradictory findings
have been published on their presence in adenoma and
carcinoma-associated tissue.” ** The non-cancer controls
displayed the greatest amount of within-group variability
in microbiota composition; however, the increased abun-
dance of genus Streptococcus was evident in control partici-
pants’ biopsies relative to colon cancer. Streptococcus bovis
has previously been associated with CRC tumours,”™ * but
in our data this elevation appears to be primarily attribu-
ted to sequences related to Streptococcus thermophilus. It
could be interesting to further investigate whether S. ther-
mophilus may have protective properties in healthy popula-
tions or if it is solely depleted in patients with colon
cancer. The control patients were not diagnosed with
colon cancer; however, colonoscopy was performed due
to various gastrointestinal complaints with manifest symp-
toms, which may partially explain the high level of vari-
ability among their microbiota profiles.

Overall, the composition of the microbiota in samples
from patients with colon cancer that received probiotics
had a unique profile characterised by an increased
abundance of butyrate-producing bacteria in tumour,
mucosa and faecal samples compared with patients with
cancer who did not receive probiotics. Butyrate interacts
intimately with colonic epithelial cells as an energy
source for colonocytes and by modulating signalling
pathways. It plays a beneficial role in colon cancer by
inhibiting cell proliferation, reducing IFN-y-mediated
inflammation and promoting cell apoptosis and tumour
suppressor gene expression.d‘g_45 Clostridiales spp and
butyrate-producing  Faecalibacterium,  Roseburia  and
Eubacterium were enriched in samples obtained from
patients with colon cancer with probiotic intervention.
Despite the FDR-corrected p values not reaching statis-
tical significance, this finding was detected consistently
in tumour, mucosa and faecal samples. A depletion of
butyrate-producing bacteria in the microbiota has been
reported in patients with various stages of CRC progres-
sion,*™™ and butyrate’s tumour-suppressive properties
have been shown to be directly mediated by the gut
microbiota, further supporting its importance in CRC.*
Additionally, the faecal microbiota of patients with colon
cancer taking probiotics had reduced levels of
CRC-associated genera Fusobacterium and Peptostreptococcus
according to the non-FDR-corrected p value. This
finding is in accordance with a previous probiotic inter-
vention trial where supplementation with Bifidobacterium
longum, Lactobacillus acidophilus and Enterococcus faecalis
reduced Fusobacterium and Peptostreptococcus in CRC

patients to a level comparable to healthy controls.” As
these two genera are strongly associated with CRC micro-
biota in several studies, these results emphasise the value
of evaluating probiotics for CRC prevention and care.
Moreover, probiotics have also been shown to mediate
inflammatory responses, as Gianotti and colleagues
observed that the mucosal colonisation of probiotic
strain  Lactobacillus johnsonii Lal was correlated with
reduced proliferation and modulation of specific den-
dritic cells in CRC.”” Unfortunately, we were unable to
achieve the level of sensitivity necessary to differentially
detect colonisation of our specific probiotic strains from
the native populations by qPCR in the mucosal samples
from this study (data not shown).

The difficulty in obtaining intestinal mucosal and
tumour samples as compared with faecal sampling for
microbiota analysis presented challenges in the study
design and sampling. Patients underwent bowel cleans-
ing prior to colonoscopy but no bowel preparation was
done prior to surgery, and the timing of the faecal
sample collection post colonoscopy was not controlled,
both of which may influence the microbiota profiles.
Additionally, the intervention length varied among
patients as it would have been unethical to restrict the
time to their surgery. We therefore chose to focus pri-
marily on comparisons among samples that were
obtained either at the time of colonoscopy or at surgery.
In a future study, it would be preferable to more strin-
gently control participant groups, but we avoided this in
the pilot trial primarily for ethical reasons. Despite these
limitations, by obtaining tumoral, mucosal and faecal
samples, we assessed the colon cancer-associated micro-
biota by several comparisons: (1) tumour to mucosa
within close proximity; (2) the aforementioned to non-
cancer control samples; (3) colon cancer faeces to non-
cancer control faeces; (4) colon cancer probiotic inter-
vention to no probiotic intervention. Fewer differentially
abundant taxa were detected in the faecal microbiota
than the corresponding tissue microbiota, suggesting
that the tissue microbiota profile is more informative for
identifying putative microbial markers of colon cancer.
Bacterial adherence to the intestinal epithelium or
biofilm formation may have contributed to the differ-
ences we observed between the tissue and faecal
samples, but tissue samples more likely represent organ-
isms that directly interact with host and immune cells
and are thus preferable to more easily obtained faecal
samples. Peptostreptococcus, however, was significantly
enriched in both tissue and faecal samples and shows
promise as a microbial CRC marker.

The results of this study support the hypothesis that
the colon cancer-associated microbiota can be manipu-
lated by specific probiotic strains, resulting in an altered
microbiota enriched with beneficial bacteria. Our study
provides evidence that microbiota modulation by probio-
tics could be considered as part of a therapeutic regime
for CRC patients. Further studies should be conducted
in a larger population to confirm these initial findings,
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and ideally should be complemented with metabolomics
data to elucidate the role of butyrate. Future studies
could also expand beyond the microbiota to include the
potential influences of fungi (mycobiome), viruses
(virome) and microbial bioactive molecules on CRC
development. The interplay between diet, microbiota
and host in maintaining homeostasis is an important
consideration in therapeutic strategies for CRC, and ana-
lysis of the microbiome is a critical component in under-
standing how these complex interactions influence the
development and progression of carcinogenesis.
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