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Abstract
Background Mounting evidence suggests a significant role of the gut microbiota in the development and 
progression of colorectal cancer (CRC). In particular, an over-representation of oral pathogens has been linked to CRC. 
The aim of this study was to further investigate the faecal microbial landscape of CRC patients, with a focus on the 
oral pathogens Parvimonas micra and Fusobacterium nucleatum.

Methods In this study, 16S rRNA sequencing was conducted using faecal samples from CRC patients (n = 275) and 
controls without pathological findings (n = 95).

Results We discovered a significant difference in microbial composition depending on tumour location and 
microsatellite instability (MSI) status, with P. micra, F. nucleatum, and Peptostreptococcus stomatis found to be more 
abundant in patients with MSI tumours. Moreover, P. micra and F. nucleatum were associated with a cluster of CRC-
related bacteria including Bacteroides fragilis as well as with other oral pathogens such as P. stomatis and various 
Porphyromonas species. This cluster was distinctly different in the control group, suggesting its potential linkage with 
CRC.

Conclusions Our results suggest a similar distribution of several CRC-associated bacteria within CRC patients, 
underscoring the importance of considering the concomitant presence of bacterial species in studies investigating 
the mechanisms of CRC development and progression.
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Introduction
Colorectal cancer (CRC) is a highly heterogeneous dis-
ease driven by a complex interplay among environmen-
tal, molecular, and genetic factors. Increasing evidence 
suggests that CRC is associated with intestinal dysbiosis, 
and large metagenomic studies have found a microbial 
shift in patients with CRC as compared with healthy indi-
viduals [1]. According to the driver–passenger theory, 
certain pro-oncogenic driver bacteria take part in the 
initial phase of tumourigenesis, possibly through modu-
lating the tumour’s immune response and/or producing 
genotoxins that cause cell damage. As CRC progresses, 
the intestinal environment changes, creating new niches 
favouring colonisation by opportunistic bacteria. During 
this microbial shift, the initial driver bacteria are outcom-
peted by passenger bacteria that in turn can continue to 
promote tumour progression through inflammatory pro-
cesses [2]. 

Interestingly, many of the bacterial species found to 
be increased in CRC patients are oral pathogens, includ-
ing Fusobacterium nucleatum and Parvimonas micra.  
F. nucleatum is one of the best-studied bacteria in CRC 
and has been suggested to be a driver of CRC development 
[3–8]. It contributes to CRC progression through various  
mechanisms, including expression of the virulence fac-
tor FadA on the cell surface, which activates E-cadherin-
mediated Wnt/β-catenin signalling [9]. P. micra is less 
studied but has also been associated with CRC [3, 5, 6, 10, 
11], and can promote tumour formation through stimu-
lating colonocyte proliferation and altering the Th17 
immune response [11]. Other oral pathogens described 
to be associated with CRC include Porphyromonas spp., 
Prevotella spp., and Peptostreptococcus spp [12]. 

In our previous studies using targeted qPCR quanti-
fication of selected gut microbial taxa, we have found  
P. micra and F. nucleatum to be present in the same CRC 
patients, in both faecal and tumour tissue samples [13–
15]. Moreover, both bacteria have been associated with 
tumours of the immune infiltrated MSI subtype, often 
found in right-sided CRCs [14, 15]. Interestingly, P. micra 
and F. nucleatum have been revealed to have a synergis-
tic effect on biofilm formation, [16] a known feature of 
right-sided CRCs [17]. We therefore hypothesise that the 
associations found for these bacteria might be linked to 
a more complex interaction with the tumour microenvi-
ronment, involving a dynamic interplay among various 
bacterial species.

In this study, we therefore investigated the faecal 
microbial composition in CRC patients. We employed 
network analysis to identify clusters of bacteria associ-
ated with CRC, with a focus on P. micra and F. nuclea-
tum. A better understanding of microbial co-occurrence 
in CRC could provide mechanistic insights into their role 
in tumourigenesis.

Materials and methods
Study cohort
The study is based on patients from the Faecal and 
Endoscopic Colorectal Study in Umeå (FECSU) and the 
Uppsala-Umeå Comprehensive Cancer Consortium 
(U-CAN) in Umeå, Sweden, both of which have been 
previously described in detail [18, 19]. 

In brief, the FECSU cohort comprises patients who 
underwent colonoscopy at the University Hospital in 
Umeå, Sweden, between the years 2008 and 2013. Indi-
cations for colonoscopy were gastrointestinal symptoms 
that indicated large bowel disease, visible blood in faeces, 
and/or haemoglobin in faeces (positive F-Hb). The colo-
noscopies were performed following standard routines 
at the endoscopy unit. Biopsies were taken when clini-
cally relevant and classified by a pathologist according to 
clinical routine handling. In cases in which multiple neo-
plastic lesions were found, the most severe was used for 
classification. Out of 1997 patients invited to participate, 
861 declined, resulting in 1136 participants. Of these, 39 
were diagnosed with CRC, while the remaining patients 
were diagnosed with either dysplasia or had no neoplas-
tic findings.

U-CAN longitudinally collects blood, tissue, radiologi-
cal data, and clinical data over time from patients diag-
nosed with CRC in Umeå or Uppsala. From 2010 to 2014, 
additional stool samples were collected in Umeå. During 
this period, 684 CRC patients in Umeå were included in 
the project, and 260 of these patients provided a stool 
sample before initiating treatment. Subsequently, three 
patients opted to withdraw from participation, resulting 
in 257 CRC patients in the project.

Study patients included
For the FECSU cohort, one CRC patient’s faecal sam-
ple was depleted, leaving faecal samples from 38 CRC 
patients available for further analysis. Few patients 
(n = 14) were included in both the FECSU and U-CAN 
cohorts. For these patients, the samples from the larger 
U-CAN cohort were excluded, resulting in 243 patients 
included from the U-CAN cohort. In addition, 100 con-
trol patients from the FECSU cohort, density matched for 
age and gender to the CRC cases, were also included in 
the study.

Stool sample collection and storage
The stool sample collection and storage have previously 
been described [13, 18]. In brief, all stool samples were 
self-collected by the patients at home. For the FECSU 
cohort, patients were instructed to provide a stool sam-
ple before the pre-colonoscopy cleansing procedure. In 
the U-CAN cohort, stool samples were collected before 
initiating peri-operative antibiotic treatment or can-
cer therapy. The stool tubes used were pre-filled with 5 
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mL of RNAlater preservative buffer (Ambion, Austin, 
TX, USA). Following collection, all samples were stored 
at room temperature for a maximum of 7 days before 
centrifugation at 2000  rpm for 20  min. Subsequently, 
excess fluid was discarded and the samples were frozen 
at − 80 °C.

Library construction and 16S ribosomal RNA gene 
sequencing
DNA was extracted from approximately 0.2 g stool sam-
ples using the QIAamp PowerFecal DNA Kit (Qiagen, 
Venlo, Netherlands) according to the manufacturer’s 
instructions. The Qubit dsDNA BR Assay Kit (Invitrogen, 
Carlsbad, CA, USA) was used to measure DNA concen-
tration. The extracted DNA samples were sent to Novo-
gene (Hong Kong, China) for sequencing on a NovaSeq 
platform. One of the most commonly targeted regions 
for microbial community and taxonomic studies, the 16S 
rRNA V3-V4 region, was chosen for analyses. The V3-V4 
region is highly variable between different bacterial spe-
cies and has highly conserved flanking regions, allow-
ing efficient sequencing and sufficient discrimination 
between different taxa. Microbiota DNA was amplified 
using PCR with the bacterial 16S rRNA V3–V4 regions 
universal primer pair forward-CCTAYGGGRBGCAS-
CAG and reverse-GGACTACNNGGGTATCTAAT. The 
sequencing produced 250 base pairs of paired-end raw 
reads.

Sequencing data processing
Of the in total 281 CRC samples and 100 control samples, 
275 (97.9%) CRC samples and 95 (95.0%) control samples 
passed all quality control steps from nucleic acid purifica-
tion to 16S rRNA sequencing. Demultiplexed paired-end 
sequencing data were obtained as libraries per sample. 
Data were processed using the R statistical computing 
environment (version 4.02), and sample sequence infer-
ence was carried out with the DADA2 package (version 
1.16). The DADA2 pipeline is commonly used today for 
analyses of microbial sequences. It includes a refined 
approach of error correction and resolves sequences to 
their exact biological sequences (ASVs), which provides 
higher resolution and better representation of the micro-
bial diversity. In detail, quality profiles for the forward 
and reverse reads were generated using the plotQuali-
tyProfile function. Filtering involved setting the trunk 
length to 0 due to high-quality reads, and a q-score cutoff 
of 30 was applied. The merging of forward and reverse 
reads to generate amplicon sequence variants (ASV) was 
performed using the mergePairs function with default 
settings [20]. Taxonomy was subsequently assigned to the 
resulting ASVs using silva species assignment (version 
138.1). ASVs represented by fewer than 50 reads within 
one sample were removed and the remaining ASVs were 

then postclustered based on co-occurrence, similarity, 
and abundance with the LULU algorithm [21]. The pur-
pose of the LULU algorithm was to reduce the number 
of erroneous ASVs to achieve more realistic biodiversity 
metrics. By evaluating the co-occurrence patterns of 
ASVs among samples, LULU can identify ASVs that con-
sistently satisfy criteria for being errors of more abundant 
ASVs and merges these highly similar sequences.

ASVs not assigned to any phylum or present in fewer 
than 10% of the samples following postclustering with 
LULU were removed. ASVs assigned to F. nucleatum did 
not cluster together in the LULU algorithm, likely due to 
the high genetic diversity of these bacteria. The taxonomy 
of Fusobacterium was recently revised with the subspp. 
animalis and vincentii being elevated to the rank of spe-
cies [22]. These ASVs were therefore manually clustered 
together so as not to be removed in the filtering process 
and to ensure comparability with earlier studies. For 
ASVs that either could not be classified to species level, 
or where several ASVs with identical taxonomic classifi-
cation persisted after Lulu curation, a running number 
was added to the ASV name. K-means clustering was 
then used to confirm that cancer stage IV did not stand 
out as a delimited cluster, so stage IV samples were con-
tinuously included in downstream analyses. In total, 367 
ASVs remained for subsequent analyses.

Molecular analyses
To perform molecular analyses, a 2–3-mm cube of fresh 
frozen tumour tissue was homogenised using the Precel-
lys® Soft Tissue Homogenizing CK14 Kit (Bertin Tech-
nologies, Rockville, MD, USA). DNA was extracted using 
the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, 
Hilden, Germany). For patients lacking fresh frozen tis-
sue specimens, five sections  (10  μm) of formalin-fixed 
paraffin-embedded (FFPE) tumour tissues were used 
instead. Fresh frozen tissues and FFPE tissues with 
less than 20% tumour cells were excluded. DNA was 
extracted using the AllPrep DNA/RNA FFPE kit (Qiagen, 
Hilden, Germany). The Qubit dsDNA BR Assay Kit (Invi-
trogen, Carlsbad, CA, USA) was used to measure DNA 
concentration.

The MSI Analysis System Version 1.2 (Promega, Madi-
son, WI, USA) was used to determine MSI status, based 
on the analysis of the mononucleotide repeat markers 
BAT-25, BAT-26, NR-21, NR-24, and MONO-27 with the 
Peak Scanner™ Software v1.0 (Applied Biosystems, Foster 
City, CA, USA), as previously described [23]. Tumours 
with two or more altered markers were classified as MSI. 
Remaining tumours were classified as microsatellite sta-
ble (MSS). The digital droplet PCR (ddPCR; Bio-Rad Lab-
oratories, Hercules, CA, USA) was used for analysis of 
the BRAFV600E mutation, as described previously [23]. 
For the KRAS mutation analysis, codons 12 and 13 were 
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sequenced using Big Dye v.3.1 (Applied Biosystems, Fos-
ter City, CA, USA) and Sanger sequencing on a 3500xL 
Dx Genetic Analyzer (Applied Biosystems, Foster City, 
CA, USA). The primers and probes used for BRAF and 
KRAS mutation analyses have been described previously 
[23]. 

Statistics
Clinical and molecular characteristics
Statistical analyses were performed using IBM SPSS Sta-
tistics 28. For associations between categorial variables, 
the χ2 test was used.

Alpha and beta diversity calculations
Alpha diversity Shannon, Simpson, Ace, and Chao1 indi-
ces were calculated with skbio on data that were rarefied 
using the R package vegan to the depth of the minimum 
sum of all ASVs (100 iterations). Mann–Whitney U 
(MWU) tests were used to evaluate differences in index 
means with scipy. Beta diversity using the avgdist func-
tion of vegan was estimated using Bray–Curtis distances 
on rarefied data (100 iterations) and principal coordinate 
analysis was performed with skbio. Permanova with 999 
permutations (skbio) was used to test for differences in 
dispersion. Taxonomic relative abundance was computed 
and used in downstream analyses.

Cancer and control classification
MWU tests were performed to test for differences in 
relative abundance. The mean and effect size were cal-
culated with Cliff ’s delta [24]. The eXtreme Gradient 
Boosting (XGBoost) classifier was trained using 1000 
decision trees, with 80% of the data being used for train-
ing and 20% for testing [25]. To adjust for class imbalance, 
weighted XGBoost was used with the weights iterated to 
find the one that produced the best area under the curve. 
The XGBClassifier function of the python xgboost pack-
age was used.

Faecal microbial composition in relation to 
clinicopathological and tumour molecular features
MWU tests were performed to test for differences in rela-
tive abundance. The mean and effect size were calculated 
using Cliff ’s delta. In the MWU calculations for tumour 
location, the different locations were grouped as right 
colon versus left colon and rectum.

Constructing faecal microbial composition co-expression 
networks
Pearson’s correlations were calculated between the ASVs 
in the cancer and control datasets, respectively, in the 
search for increasing or decreasing patterns between 
different ASVs, using the corr function of Pandas. If the 
absolute values of the correlations were larger than a 

cutoff, τ , the elements were set to one, otherwise to zero, 
creating an adjacency matrix. The cutoff, τ , was chosen 
through an iterative process so that the numbers of single 
nodes and small clusters were minimised in both matri-
ces. This resulted in two adjacency matrices with a spar-
sity of 0.5%, including 672 and 646 edges for the cancer 
and control datasets, respectively. Faecal microbial co-
expression networks were generated from the adjacency 
matrix using the walktrap algorithm as implemented in 
igraph [26]. 

To analyse the difference in abundance between bacte-
ria identified at species level in the P. micra cancer cluster 
from the walktrap analysis, the raw counts values were 
transformed with centered log transformation (clr), using 
the decostand function in vegan (v. 2.6.6). Statistical 
testing on the clr adjusted values was performed using 
MWU, and the resulting P values were corrected using 
Holm’s method in the padj function in R (v. 4.4). Figures 
were created utilising the ggplot package in the tidyverse 
library (v. 2.0).

Results
The faecal bacterial composition of CRC patients
The faecal bacterial microbiomes of 275 study patients 
and 95 controls were assessed by sequencing of the 
V3-V4 region of the 16S rRNA gene. The clinical and 
molecular characteristics of the included study patients 
and controls can be found in Table  1. The sequencing 
data were subsequently processed by DADA2, post-clus-
tered using the LULU algorithm, and ASVs present in 
10% or more of the samples were included, resulting in a 
total of 367 ASVs.

F. nucleatum is one of the best-studied bacteria in rela-
tion to CRC, with a higher abundance in CRC patients, 
and has in previous studies been associated with differ-
ent important clinicopathological and molecular traits, 
including a worse prognosis [27], [28–30]. In this cohort, 
we found several ASVs annotated to F. nucleatum. How-
ever, these did not cluster together in the LULU algo-
rithm, which could be due to different subspecies. Thus, 
all ASVs annotated to F. nucleatum were removed when 
filtering for ASVs found in fewer than 10% of the sam-
ples. F. nucleatum has previously had four known subspe-
cies: animalis, nucleatum, polymorphum, and vincentii, 
with genetic differences. Very recently, animalis and vin-
centii were reclassified as separate species [22]. Using 
BLAST, all ASVs could be linked to the F. nucleatum spe-
cies. However, we could not with certainty distinguish F. 
nucleatum from F. animalis or F. vincentii. Even though 
all subspecies have been found in CRC patients, studies 
at the subspecies level are scarce [31]. Nevertheless, the 
F. nucleatum species have proven to be highly interesting 
in the CRC context. Thus, in order not to lose important 
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information, all ASVs annotated to F. nucleatum were 
clustered together and included in subsequent analyses.

The most abundant phyla in all samples were Fir-
micutes, Bacteroidota, and Actinobacteria, followed by 
Verrucomicrobiota and Proteobacteria, with a higher 
proportion of Firmicutes and a lower proportion of 
Actinobacteria and Bacteroidota found in CRC patients 
(Fig. 1a). The bacterial profile at the genus level is shown 
in Fig. 1b, displaying a lower proportion of Agathobacter 
(from the family Lachnospiraceae), Bacteroides, and Bifi-
dobacterium in CRC and a higher proportion of Alistipes, 
Faecalibacterium and the Christensenellaceae R7 group 
(Fig. 1b).

To determine the shifts in faecal bacterial communi-
ties between cancer patients and controls, alpha and beta 
diversities were analysed (Fig. 2). The Shannon (p = 0.003) 
index, but not the Ace (p = 0.164) or Chao1 (p = 0.166) 
index, showed a significant difference in alpha diversity 
between CRC patients and controls, with a higher micro-
bial diversity found in faeces from CRC patients (Fig. 2a). 
The Simpsons index displayed borderline significance 
(p = 0.051) (Fig.  2a). Since the Shannon and Simpson 
indices take both the species richness and evenness into 

account, the results indicate that there is a difference in 
the relative abundance of ASVs between cancer patients 
and controls and/or a difference in distribution, while the 
Ace and Chao1 measures indicate that there is no differ-
ence in the number of ASVs. The Bray–Curtis distance 
was used for beta diversity comparison of differences 
in community composition. A significant separation of 
clusters between faecal samples from CRC patients ver-
sus controls (p = 0.001) was found, indicating that the gut 
microbial composition of CRC patients significantly dif-
fered from that of controls (Fig. 2b).

To analyse the differences in bacteria between cancer 
patients and controls in more detail, MWU tests were 
applied to rank the top ASVs with the most significant 
differences in abundance between the two groups (Addi-
tional file 1: Figure S1). Top ASVs more abundant in CRC 
included the Christensenellaceae R7 group, various Por-
phyromonas spp., Prevotella spp., Alistipes spp., Copro-
coccus catus, Peptostreptococcus stomatis, and P. micra 
(Additional file 1: Figure S1).

Moreover, the XGBoost algorithm was used to pre-
dict the taxa most likely to reveal a difference in faeces 
between CRC patients and controls (Fig.  3). The area 
under the resulting ROC curve (AUC) for the model was 
0.99 (Fig.  3a). The most important taxa for the predic-
tion model, found to be more abundant in faeces from 
CRC patients, included various Porphyromonas spp., the 
Christensenellaceae R7 group, Alistipes putredinis, P. sto-
matis, bacteria form the class Clostridia, and Prevotella 
spp., whereas Bacteroides vulgatus was depleted in CRC 
patients (Fig. 3b). These taxa largely agree with previous 
findings regarding microbial segregation between CRC 
patients and healthy individuals. However, the impor-
tance of each taxon varies across datasets [4, 32–34]. 

The faecal microbial composition differs between patients 
according to tumour location and MSI status
To determine whether the composition of the faecal 
microbiome in CRC patients differs according to clinico-
pathological and tumour molecular features, beta diver-
sity using Bray–Curtis distances was calculated based on 
tumour stage, tumour location, MSI status, and KRAS 
and BRAF mutation status (Fig. 4). Beta diversities were 
significantly different for tumour location (Fig.  4b) and 
MSI status (Fig. 4c). However, no difference in beta diver-
sity was seen according to tumour stage or BRAF and 
KRAS mutation status (Fig. 4, a, d, and e).

Analyses using MWU tests were performed to evalu-
ate differences in ASV abundance between MSI and MSS 
tumours. In the top 30 determinant taxa, ASVs more 
abundant in MSI tumours and annotated at the species 
level were Prevotella intermedia, P. micra, Alistipes fine-
goldii, F. nucleatum, Flavonifractor plautii, and P. stoma-
tis (Fig. 5).

Table 1 Clinical and molecular characteristics of the colorectal 
cancer study patients

Cancer Control p-value
n = 275 n = 95

Age (%)
≤59 45 (16.4) 15 (15.8) 0.745
60–69 103 (37.5) 33 (34.7)
70–79 93 (33.8) 31 (32.6)
≥80 34 (12.4) 16 (16.8)
Gender (%)
Female 111 (40.4) 41 (43.2) 0.633
Male 164 (59.6) 54 (56.8)
Location (%)
Right colon 61 (22.2) NA
Left colon 51 (18.5) NA
Rectum 163 (59.3) NA
Stage (%)
I 50 (18.2) NA
II 95 (34.5) NA
III 77 (28.0) NA
IV 43 (15.6) NA
BRAF status(%)
Wildtype 170 (82.5) NA
Mutated 36 (17.5) NA
KRAS status (%)
Wildtype 135 (66.5) NA
Mutated 68 (33.5) NA
MSI status (%)
MSS 182 (88.3) NA
MSI 24 (11.7) NA
X2 tests were used to compare categorical variables
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Since MSI tumours are more common in right-sided 
tumours and a significant difference in beta diversity 
was found for tumour location, analysis using the MWU 
test was subsequently conducted to compare taxa for the 
right colon versus the left colon and rectum (Additional 
file 2: Figure S2). However, no associations with the spe-
cies found to be strongly associated with MSI tumours 
were found.

Network analysis of faecal microbial composition reveals a 
cluster of CRC-associated bacteria
To investigate the relationships between different bacte-
ria in the faeces of CRC patients and controls, we next 
studied the correlations between different taxa using 
walktrap network analysis (Fig. 6). Walktrap analysis is a 
community detection algorithm used to identify densely 
connected communities within a larger group. The algo-
rithm is based on the idea that random walks within a 

Fig. 1 Taxonomic analysis of the faecal microbiomes of CRC patients and controls represented at the (a) phylum level and (b) genus level
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Fig. 2 Intestinal bacterial richness and diversity in faecal samples of CRC patients and controls: (a) alpha diversity analyses based on Ace, Chao1, Shan-
non, and Simpson indices; (b) beta diversity analysis using Bray–Curtis distances
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graph tend to get trapped in densely connected regions, 
which correspond to communities. Here, walktrap net-
work analysis was performed on the adjacency matrices, 
resulting in 56 and 52 clusters for the cancer and control 
samples, respectively. Interestingly, we found a cancer-
associated cluster containing three of the six species most 
strongly related with MSI tumours: P. micra, F. nuclea-
tum, and P. stomatis (Fig.  6a). In addition, this cluster 
also included several other bacteria previously associated 
with CRC: Bacteroides fragilis and various Porphyromo-
nas spp. Moreover, P. micra, B. fragilis, and F. nucleatum 
were all hubs in the cluster, i.e., they were all connected 

with more edges than on average in the cluster. Many of 
the species in the cluster were oral pathogens, including 
P. micra, F. nucleatum, P. stomatis, as well as Porphyromo-
nas species. In the control samples, a cluster containing 
P. micra was also found. However, this cluster differed 
substantially from the cluster in the cancer group, except 
for the inclusion of different Porphyromonas species, and 
included fewer taxa (Fig. 6b). A closer analysis of the bac-
terial species identified within the P. micra cancer cluster 
revealed a significantly higher abundance of P. micra, F. 
nucleatum, and P. stomatis in faeces from cancer patients 
compared to controls (Fig. 7).

Fig. 3 The XGBoost algorithm was used to determine the taxa most likely to reveal a difference between faecal samples of CRC patients and controls, as 
illustrated by the resulting (a) ROC-curve, and (b) the top 20 most important prediction taxa. Blue and red bars represent ASVs with a higher expression 
in patients and controls, respectively
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Fig. 4 Beta diversity analysis using the Bray–Curtis distances of microbial species for (a) tumour stage, (b) tumour location, (c) MSI status, (d) BRAF muta-
tion status, and (e) KRAS mutation status
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Discussion
In this study, we performed the 16S rRNA sequencing 
of faecal samples from patients with CRC and controls. 
We found the oral bacteria P. micra and F. nucleatum to 
be associated with a cluster of CRC-associated bacteria 
including several other oral pathogens. This finding aligns 
with emerging research on the role of oral bacteria in 
CRC development and progression, suggesting potential 
pathways for microbial translocation and inflammation 
[12, 35, 36]. Furthermore, we discovered a significant dif-
ference in microbial composition depending on tumour 
location and MSI status. Interestingly, P. micra, F. nuclea-
tum, and P. stomatis, three of the six annotated species 
most strongly associated with MSI tumours, were also 
included in the identified cancer cluster.

A comparison of the faecal microbiomes between 
CRC patients and controls at the phylum level revealed 

a higher proportion of Firmicutes, and a lower propor-
tion of Actinobacteria and Bacteriodota in CRC patients. 
Changes like these in the gut microbial community 
structure may disrupt the balance of the gut ecosys-
tem, potentially increasing gut permeability, promoting 
inflammation and causing epithelial damage, all of which 
may contribute to tumour development and progression. 
Although analyses at phylum level offer a broad overview 
of the microbial structure, more detailed information is 
required to reveal functional implications for health, as 
a single phylum may contain both beneficial and harm-
ful bacteria for the host. For instance, the phylum Fir-
micutes includes beneficial species that help maintain 
gut homeostasis by fermenting dietary fiber and produc-
ing short-chain fatty acids [37]. However, opportunistic 
pathogens such as Parvimonas and Peptostreptococcus 
are also part of this phylum. Therefore, more detailed 

Fig. 5 Top ASVs with the most significant differences in abundance between MSI and MSS tumours as determined by the MWU test. The ASVs were 
sorted according to p-value, showing the ASV with the lowest p-value at the top (nominal p-values were used). A negative Cliff’s delta indicates higher 
abundance in MSI tumours, whereas a positive Cliff’s delta indicates higher abundance in MSS tumours
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Fig. 6 Walktrap network analysis: (a) cluster containing P. micra in faeces of CRC patients; (b) cluster containing P. micra in faeces of controls
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analyses of bacterial species and their interactions with 
other microbes and the host are essential for assessing 
their impact on gut health and disease progression.

Two out of four alpha-diversity models suggested a 
significant difference in bacteria between faecal samples 
from CRC patients and controls, indicating that CRC 
patients had a more diverse microbiota than did con-
trols. There are conflicting literature reports on the alpha 
diversity of gut microbiota in cancer patients and healthy 
individuals. Most commonly, the alpha diversity of the 
intestinal microbiota is reported to be significantly lower 
in CRC patients than in healthy control groups [38–41]. 
However, there are also contradictory studies report-
ing higher diversity in CRC patients [42, 43]. Thomas et 
al. found the gut microbiome in CRC patients to have 
greater richness than in healthy individuals, partly due to 
the presence of oral bacteria rarely found in the healthy 
gut, challenging the common assumption that decreased 
alpha diversity is generally associated with intestinal dys-
biosis [44]. Even though a large proportion of gut micro-
biota studies are based on 16S rRNA sequencing for gut 
microbiome analysis, there are differences in sampling, 
analysis methods, targeted variable regions, sequencing 

platforms, and databases for taxonomic assignment. 
Moreover, low sequencing depth can lead to loss of rare 
species, affecting the outcome. The continuous develop-
ment of better analysis pipelines is needed.

Furthermore, beta diversity analysis revealed a signifi-
cant disparity in bacterial composition in faeces between 
CRC patients and controls. Further analysis using 
XGBoost resulted in a model that could predict CRC 
with an AUC of 0.99. The most important taxa for the 
prediction model were largely in line with previous stud-
ies of the microbial segregation between CRC patients 
and healthy individuals, although the importance of each 
taxon varied across datasets [4, 32–34]. ASVs that were 
found differentially abundant between CRC patients and 
controls included the Christensenellaceae R7 group, Por-
phyromonsas spp, and Prevotella spp. The Christensenel-
laceae R7 group has previously been suggested to be part 
of the normal flora, and the importance of this bacterial 
family in the CRC context is unknown [45]. Porphyromo-
nas gingivalis has been associated with tumourigenesis 
in CRC through its production of butyrate and activa-
tion of the NLRP3 inflammasome, and has been linked 
to poorer patient prognosis [46–48]. P. gingivalis has 

Fig. 7 Violin and scatter plots for the distribution of bacterial counts for each bacterium at species level identified within the P. micra cluster. The count 
values were centered log ratio transformed using the vegan package (v. 2.6). MWU tests were used to analyse differences between cancers and controls 
for each bacterium. P values were corrected for multiple comparisons using the Holm method. A P value < 0.05 was considered statistically significant
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further been shown to promote biofilm formation by  
F. nucleatum [49]. A synergistic effect of Prevotella inter-
medica and F. nucleatum in CRC tumourigenesis has also 
been reported [50]. Interestingly, most of these bacterial 
species are also found in the oral cavity, highlighting the 
importance of oral pathogens in CRC, for which peri-
odontal disease is a risk factor [51]. Different possible 
underlying mechanisms have been suggested, including 
translocation of bacteria from the oral cavity to the gut 
and an increase of systemic inflammation and immune 
dysregulation in periodontitis, leading to an altered gut 
microbiota [12, 35, 52]. However, the exact mechanisms 
remain to be further explored.

To find possible differences in faecal bacterial compo-
sition within CRC patients, beta diversity analyses were 
conducted in relation to clinicopathological and molec-
ular features. The results indicated a significant differ-
ence in microbial composition depending on tumour 
MSI status and location, which has also been suggested 
in previous studies [53, 54]. Subsequent analysis revealed 
an abundance in MSI tumours of bacteria previously 
associated with CRC [3, 55]. F. nucleatum has been 
extensively studied and has been associated with MSI 
tumours in various studies [29, 56, 57]. In our previous 
studies, we found both P. micra and F. nucleatum to be 
more abundant in patients with MSI tumours. [14, 15] 
Purcell et al. found P. micra, F. nucleatum, and P. stomatis 
to be enriched in the tumour consensus molecular sub-
type 1 (CMS1), which mainly includes tumours of the 
MSI subtype. Together, our findings suggest that at least  
P. micra, F. nucleatum, and P. stomatis could be associated 
with MSI tumours. More studies are needed to confirm 
an association for the other species found to be associ-
ated with MSI in this study. MSI tumours are recognised 
by high immunogenicity and immune infiltration [58, 
59] Consequently, MSI has been approved as a predic-
tive marker for immunotherapy in CRC. Microbial shifts 
have been linked to tumour-initiating inflammation, [2] 
and response to both chemotherapy and immunother-
apy in CRC [60, 61]. For instance, F. nucleatum has been 
shown to promote M2 macrophage polarisation result-
ing in a decreased infiltration of CD3+ T cells [62, 63]. In 
contrast, we have previously linked P. micra to increased 
immune activation [64]. CRC patients with MSI tumours 
generally have improved survival [65]. However, bacteria 
such as F. nucleatum and P. micra have been associated 
with decreased survival in CRC patients, [11, 27–29, 66] 
suggesting that these bacteria may identify a subgroup of 
MSI tumours with a poorer prognosis. The interaction 
of bacteria with MSI tumours may additionally affect the 
response to therapy. Learning more about the specific 
implications of individual bacteria and their interactions 
in CRC, will likely contribute to important therapeutic 
improvements.

Since MSI tumours are more common in right-sided 
CRCs and a significant difference in beta diversity was 
found for tumour location, further analysis was per-
formed comparing bacteria in the right colon versus the 
left colon and rectum. However, the species found to be 
associated with MSI tumours were not differently abun-
dant according to tumour location. Moreover, the bac-
teria found to be associated with right-sided tumours 
were largely unknown in the CRC context and need to be 
explored further.

Next, we wanted to investigate the correlations 
between different CRC-associated bacteria, with a main 
focus on the oral pathogens P. micra and F. nucleatum. 
In previous studies using specific qPCR assays, we have 
found P. micra and F. nucleatum to have similar distri-
butions in both faecal and tumour tissue samples from 
patients with CRC [13–15]. This association was also 
found by Yu et al. in faeces [67]. While P. micra’s role 
in CRC is less explored, F. nucleatum is one of the best-
studied bacteria in relation to CRC and has been closely 
associated with CRC progression [3–8, 67]. F. nuclea-
tum has also been associated with important clinical 
and molecular tumour features, including MSI tumours, 
right-sided tumour location, reduced chemotherapy 
response, and decreased survival [27–30]. In this study, 
ASVs annotated to F. nucleatum did not cluster together 
using the LULU algorithm and thus did not pass the fil-
tering process. However, given the significant interest in 
F. nucleatum in the CRC context, and to ensure compara-
bility with earlier studies, all ASVs annotated to F. nuclea-
tum were manually clustered together and included in 
subsequent analyses. The taxonomy of Fusobacterium 
underwent recent revision, elevating subspp. animalis 
and vincentii to the rank of species [22]. A potential rea-
son for the lack of clustering among ASVs annotated to 
F. nucleatum could thus be due to the significant genetic 
diversity among these organisms, prompting the revision 
[31]. Further studies of the importance of the different 
Fusobacterium taxonomic entities are needed, including 
the new F. animalis and F. vincentii species.

Using network analysis, we found a cluster of bac-
teria in the faeces of CRC patients containing both  
P. micra and F. nucleatum as well as several other bac-
teria, such as the oral pathogens P. stomatis, one of the 
most important taxa in our CRC prediction model, and 
various Porphyromonas species. The cluster also included 
B. fragilis, which has been suggested to contribute to 
CRC development through toxin production [68]. Both 
P. micra and F. nucleatum, as well as B. fragilis, were 
hubs in the cluster, highlighting their importance for the 
cluster formation. Thus, despite the risks of false posi-
tives and unknown false negatives, this cluster included 
several bacteria known to be associated with CRC. Also, 
P. micra, F. nucleatum and P. stomatis were found more 
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highly abundant in faeces of CRC patients compared to 
controls, suggesting a potential role in CRC progression. 
In the faeces of the controls, a cluster containing P. micra, 
but not F. nucleatum, was found. This cluster differed 
substantially from the cluster in the cancer group. Our 
findings are corroborated in a recent study by Conde-
Pèrez et al., where they describe a similar cluster of oral 
pathobionts in CRC containing Fusobacterium, Parvimo-
nas and Peptostreptococcus genera, along with e.g. Bac-
teroides fragilis [69]. These findings together suggest the 
potential value of identifying bacterial clusters for both 
screening and treatment of CRC.

This study does not provide any mechanistic insights 
for the found associations. Thus, further investigations 
into the biological pathways through which P. micra and 
interacting bacteria might influence CRC development 
and progression are necessary to improve our under-
standing of the causal relationship of the gut microbial 
composition in CRC. Another limitation of this study is 
that our findings related to the microbiome are restricted 
to the time of disease diagnosis. Longitudinal stool sam-
pling throughout disease development and progression 
would greatly enhance our understanding of the role 
of the intestinal microbiome in CRC. However, we do 
believe that our study design, with stool samples being 
collected by the patients in their home in close vicinity 
to diagnosis and before start of treatment, contributes 
important findings. The lack of data on confounding 
environmental and health factors also limits our study. 
Further studies are needed exploring the influences of 
environmental and health factors on the microbiome and 
their possible role in CRC development and progression. 
The study sample size and lack of validation cohort pose 
further limitations. Even though the findings of this study 
represent a significant step in understanding CRC within 
this specific population, we recognize that genetic, envi-
ronmental, and lifestyle factors may vary across different 
populations and encourage the replication of our findings 
in more diverse populations.

Conclusions
Our study reveals distinct differences in the faecal micro-
biome between CRC patients and controls. Bacterial 
variations were found based on tumour location and 
MSI status. Notably, the CRC-associated oral pathogens 
P. micra and F. nucleatum were found alongside other 
relevant bacteria, suggesting potential collaborations 
between bacteria within the tumour microenvironment. 
Our findings underscore the need for further studies to 
deepen our understanding of these interactions and their 
impact on CRC development and progression, poten-
tially guiding biomarker discovery and future therapeutic 
strategies for CRC.
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