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ABSTRACT

The colonic microbiome has been implicated in the
pathogenesis of colorectal cancer (CRC) and intesti-
nal microbiome alterations are not confined to the
tumour. Since data on whether the microbiome nor-
malises or remains altered after resection of CRC
are conflicting, we studied the colonic microbiota of
patients after resection of CRC. We profiled the mi-
crobiota using 16S rRNA gene amplicon sequenc-
ing in colonic biopsies from patients after resection
of CRC (n = 63) in comparison with controls (n =
52), subjects with newly diagnosed CRC (n = 93) and
polyps (i = 28). The colonic microbiota after surgical
resection remained significantly different from that
of controls in 65% of patients. Genus-level profiling
and beta-diversity confirmed two distinct groups of
patients after resection of CRC: one with an abnor-
mal microbiota similar to that of patients with newly
diagnosed CRC and another similar to non-CRC con-
trols. Consumption levels of several dietary ingredi-
ents and cardiovascular drugs co-varied with differ-
ences in microbiota composition suggesting lifestyle
factors may modulate differential microbiome trajec-
tories after surgical resection. This study supports
investigation of the colonic microbiota as a marker
of risk for development of CRC.
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INTRODUCTION

Colorectal cancer (CRC) remains one of the major causes of
mortality (1). Hereditary cancers account for a minority of
cases while environmental and lifestyle factors are the main
driver of sporadic CRC (2). The pathogenesis of most cases
of sporadic CRC is thought to involve a series of genetic
mutations (3), progressing through an adenoma-carcinoma
sequence (4),(5). While CRC has been linked to individ-
ual pathogens such as (pks+) Escherichia coli (6), Fusobac-
terium nucleatum (7) and Streptococcus gallolyticus (8), it is
probably driven by microbial metabolites and their inter-
action with the host (9). The microbiota profiles in patients
with adenomatous polyps and colorectal tumors differ from
those of healthy controls (10–15). It is also noteworthy
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that changes in the microbiota in CRC occur throughout
the colon and are not limited to the tumor itself (13,15).
Moreover, similar networks of biofilm-forming bacteria are
found on oral and gut mucosa (15) in patients with CRC.

While the presence of colonic adenomatous polyps is a
risk factor for developing a new CRC, another high-risk
group are those who have previously had CRC. However,
there are limited data on which patients are at greatest risk
of developing a new CRC after the resection of a primary
CRC. In particular, the potential role of the microbiome as
a marker of risk of developing a new CRC has received lim-
ited attention. We (16) and others (17),(18) have shown per-
sistence of alterations post-resection of CRC in some pa-
tients which suggests that the microbiome may have pre-
dictive value in this setting, but results have not been uni-
form (19),(20). However, earlier studies were conflicting, rel-
atively small, with a short interval since surgery and did not
identify the relative proportions of patients for whom the
microbiome either reverted toward normal or remained ab-
normal. Therefore, we have assessed the microbiome in pa-
tients after surgical clearance of CRC in comparison with
that of apparently healthy controls, patients with adenoma-
tous polyps and those with newly diagnosed CRC.

MATERIALS AND METHODS

Patient recruitment and sampling

The study population included 63 patients post-CRC re-
moval who were recruited during surveillance endoscopy
(Table 1 and Supplementary File S1). Also recruited were
18 patients with a new diagnosis of CRC. For compara-
tive analyses we included additional data previously pub-
lished by us (15). These included an additional 75 patients
with CRC giving a total of 93 patients newly diagnosed
with CRC as a comparator group for patients after resec-
tion for CRC (Table 1 and Supplementary File S1). Also
included were 28 individuals who had undergone polypec-
tomy (15) (Table 1 and Supplementary File S1). While con-
trols included 58 individuals who had no previous medical
condition (non-CRC) (15) (Table 1 and Supplementary File
S1). This study was conducted in accordance with the eth-
ical principles set forth in the current version of the Dec-
laration of Helsinki, the International Conference on Har-
monization E6 Good Clinical Practice (ICH-GCP). Eligi-
ble patients were identified from case lists the day prior to
endoscopy. Patients post-CRC removal were eligible for in-
clusion if they were undergoing surveillance endoscopy af-
ter colonic resection for CRC provided that the original di-
agnosis could be verified by consultation of the patients’
records, radiological data and histology reports. Only pa-
tients with sound clinical, radiological or pathological ev-
idence of previous CRC with subsequent surgery were eli-
gible. Patients post-CRC removal were ineligible for inclu-
sion in this study if they suffered from a medical condition,
due to which, in the opinion of the investigator, their par-
ticipation could put them at increased risk of ill health (e.g.
blood clotting disorder). Patients were also ineligible if they
were receiving an experimental drug or were in the process
of partaking in another clinical trial. Ethical approval was
granted by The Clinical Research Ethics Committee of the

Table 1. Overview of study population

Patients (n) Samples
Male
(%) Age (mean + SD)

non-CRC 58 120 43.1 53.1 ± 13.5
Polyp 28 66 71.4 59.8 ± 14.1
CRC 93 157 67.7 67.9 ± 11.5
Post-Operative 63 108 58.7 64.5 ± 12.1

Cork Teaching Hospitals (Cork, Ireland) under study num-
ber APC089 and is specifically applicable to the experiments
reported in this paper. The study was conducted from July
2017 to January 2019. Overall, we collected data for each
patient covering a range of clinical parameters including
history of treatment, tumor stage, tumor location, the du-
ration of time since surgery as well as drug treatment. Data
pertaining to habitual diet were also collected using a Food
Frequency Questionnaire (FFQ).

For patients undergoing post-operative colonoscopic
surveillance, two 1-2 mm biopsies were taken from each pa-
tient, one 10 cm proximal and one 10 cm distal to the anas-
tomosis. For some patients who underwent ultra-low ante-
rior resection, or abdominoperineal resection there was in-
sufficient residual tissue to obtain a distal sample. In these
cases, a proximal sample alone was taken. If the patient had
a stoma with a rectal stump in situ, the proximal sample was
taken 10 cm proximal to the stoma entrance and the dis-
tal sample was taken in the rectum. In patients with CRC,
a biopsy was taken of the tumor with two further samples
taken 10 cm proximal and distal to the diseased tissue. Prox-
imal samples were taken first. Biopsy forceps were rinsed
with normal saline between each biopsy taken. A disposable
sterile needle was used to peel the biopsy off the forceps.
Biopsies were placed in empty sterile biobank tubes and
stored at −80◦C until processing. For patients recruited to
the Flemer et al. 2018 study, colonic biopsies were collected
as previously described (15) and stored in 3 mL RNAlater,
stored at 4◦C for 12 h and then stored at −20◦C.

DNA Extraction and 16S rRNA amplicon sequencing

Genomic DNA were extracted using the AllPrep DNA kit
from Qiagen as described elsewhere (13,15). When prepar-
ing each sample, approximately 20 mg tissue was dissected
in small fragments from the biopsy and pooled. These
pooled fragments were then added to a bead beating tube
containing sterile beads and 600 �l of buffer RLT plus
was added. Samples were then homogenised for two 15 s
at full speed pulses in a MagnaLyzer (Roche, Penzberg,
Germany) with rests on ice between pulses. The rest of the
DNA extraction was carried out according to the Qiagen
AllPrep DNA/RNA extraction kit. Total community DNA
underwent 16S rRNA gene PCR. The 16S rRNA gene was
amplified using primers for the V3-V4 region; forward (S-
D-Bact-0341-b-S-17) and reverse, (S-D-Bact-0785-a-A-21)
(21). The PCR thermocycler protocol was as follows: Initia-
tion step of 98◦C for 3 min followed by 30 cycles of 98◦C for
30 s, 55◦C for 60 s, and 72◦C for 20 s, and a final extension
step of 72◦C for 5 min. Oligonucleotide indices were subse-
quently added to amplicons according to the Illumina 16S
Metagenomic Sequencing Protocol (Illumina, CA, USA).
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Library DNA concentration was quantified using a Qubit
fluorometer (Invitrogen) using the High Sensitivity assay
and samples were pooled at a standardised concentration.
It is important to note that identical DNA extraction and
16S PCR protocols (including all reagents, kits and primers)
were used for the Flemer et al. 2018 study data included
in our analysis. For both studies the pooled library was se-
quenced at Eurofins Genomics/GATC Biotech (Konstanz,
Germany) on the Illumina MiSeq platform. The current
study samples were sequenced utilizing 2×300 bp chemistry
while the Flemer et al., 2018 samples were sequenced utiliz-
ing 2×250 bp chemistry.

Bioinformatic and biostatistical analysis

Supplementary File S1 provides a complete description of
the methodology used for the bioinformatics and biosta-
tistical analysis in this study. Specifically, this includes the
methods used for pre-processing of 16S amplicon reads
and taxonomic classification (22–26), identification of sig-
nificant differences in microbiota composition through al-
pha (�) diversity (Shannon Index) (27), beta (ß) diversity
(Bray-Curtis dissimilarity) (28), linear regression, analysis
of compositions of microbiome with bias correction (AN-
COMBC) (29) and Co-Abundance Group (CAG) analysis
(15). Supplementary File S2 also gives a complete descrip-
tion of the methodology used to validate our findings in sev-
eral previously published datasets as well as associating the
microbiome in patients after removal of CRC with diet and
drug consumption. All statistical analysis was carried out
in R (RStudio version 4.1.2)

RESULTS

The colonic microbiome is altered in some patients after re-
moval of colorectal cancer

Principal component analysis (PCoA) of ß-diversity (Bray-
Curtis dissimilarity) calculated at the genus level revealed
statistically significant microbiome separation between the
different groups of individuals (non-CRC, patients with
newly diagnosed CRC, patients with polyps and patients
after resection for CRC) after accounting for the study
effect (Figure 1A) (PERMANOVA FDR-corrected P <
0.001: R2 = 0.087). This observation has been previously
reported by us and others (10–13). The most extreme dif-
ferences were observed between patients with newly diag-
nosed CRC and the non-CRC individuals. In contrast, the
microbiomes of patients after surgical resection (as well as
patients with polyps), although distinct from the controls,
were observed to be closer to the controls than the patients
newly diagnosed with CRC. Statistically significant micro-
biome separation was also observed between the groups at
the OTU level (after controlling for the study effect) (PER-
MANOVA FDR-corrected P > 0.001: R2 = 0.087) (Supple-
mentary Figure S1). Given that the CRC group used in this
study contains samples from two different datasets, we com-
pared the microbiome of patients with CRC from both Fle-
mer et al., 2018 study (Flemer CRC) and the current study
(Cronin CRC) noting that both are significantly different
to the non-CRC group at the genus and OTU levels (Sup-
plementary Figure S2A and B). Furthermore, in order to

visualize the distances between samples within the respec-
tive groups we calculated the median Bray-Curtis distance
of each sample from all other samples within in its group
(based on Figure 1A) (Supplementary Figure S3). Although
all groups were significantly different from one another we
observed that samples belonging to those newly diagnosed
with CRC had the highest inter-group median Bray-Curtis
distances followed by patients after removal of CRC indicat-
ing that both groups of patients have higher inter-individual
variation in colonic microbiota composition (Supplemen-
tary File S3, Supplementary Figure S3). Samples belonging
to the non-CRC and polyp groups were observed to have
lower inter-group median Bray-Curtis distances indicating
these groups of patients have a lower inter-individual varia-
tion in microbiota composition compared to the CRC and
post-operative groups. To perform a quantitative compar-
ative evaluation of differences in microbiota composition,
we next devised a metric that provided a measure of how
close a given mucosal microbiota was to that of non-CRC
control individuals (based on the Bray-Curtis dissimilarity
PCoA coordinates as in Figure 1A). For this purpose, we
determined the median PCoA coordinates (median PCoA1
and median PCoA2) corresponding to the microbiomes of
all non-CRC individuals and computed the distances of all
samples from this point producing a summary statistic for
the microbiome distance of all patients from controls (Fig-
ure 1B). As expected, the microbiome of patients with newly
diagnosed CRC was observed to be the most distinct from
those of non-CRC controls (Wilcoxon test FDR corrected
P < 0.0001; Figure 1B). The microbiomes of patients who
underwent a polypectomy were observed to have the short-
est distance from the non-CRC cohort (Wilcoxon test FDR
corrected P = 0.006) followed by patients post-resection for
CRC (Wilcoxon test FDR corrected P < 0.0001) (Figure
1B; Supplementary File S2). Notably, patients after resec-
tion for CRC also had a significantly shorter distance from
the non-CRC control group than those with newly diag-
nosed CRC (Wilcoxon test FDR corrected P < 0.0001; Sup-
plementary File S2). These results indicated that the overall
microbiome configurations of post-resection patients were
significantly less altered with respect to the non-CRC con-
trols, compared to those newly diagnosed with CRC.

Thus, we next investigated these overall differences in mi-
crobiome configurations at the increased granularity of the
genus level. Given that the samples included in this study
were collated from two different data cohorts (the current
one and a previous study by Flemer et al., 2018) it was neces-
sary to adjust for the study-specific variations while investi-
gating the genera-specific variations across various individ-
ual groups. Consequently, we used linear regression anal-
ysis to investigate variations in the abundances of differ-
ent genera across different groups after adjusting for study-
specific variations (Figure 1C). For the analyzed set of sam-
ples from patients with newly diagnosed CRC (n = 157 sam-
ples) and non-CRC controls (n = 120 samples), a total of
28 genera showed differences in their abundance patterns.
Amongst these, 13 were more abundant in patients with
newly diagnosed CRC (1 of them significantly with FDR <
0.1 and 12 with P < 0.05). Among the significantly enriched
were the typical CRC-enriched markers such as Hungatella
and Streptococcus (Figure 1C). Notably, in the microbiome



4 NAR Cancer, 2022, Vol. 4, No. 2

A

P<0.001***
R2=0.087

CR
C 
vs

N
on

-C
RC

Po
st

-O
p 
vs

N
on

-C
RC

CR
C 
vs

Po
st

-O
p

Depleted in X compared to Y (FDR < 0.1)
Depleted in X compared to Y (P < 0.05)

Enriched in X compared to Y (FDR < 0.1)
Enriched in X compared to Y (P < 0.05)

Po
st

-O
p 
vs

Po
ly

ps

C

X-Axis= 11.72%
Y-Axis= 10.70%

B

**

***

Figure 1. The colonic microbiome is altered after removal of CRC The microbiota remains altered after removal of CRC. (A) Principal component analysis
(PCoA) of Bray-Curtis dissimilarity (ß-diversity) 16S rRNA genus profiles. The PERMAOVA P value (0.001) indicating that there is statistically significant
separation between the groups after controlling for the study effect and the patient identifier is shown in addition to the R2 value. The eigenvalues explaining
the variation of each axis are expressed as a percentage (X-axis = 11.72%, Y-axis = 10.70%). (B) Based on the PCoA coordinates from (A) the median
non-CRC centroid was determined and the distance of all samples from that point was subsequently calculated and shown here as a boxplot. Wilcoxon
test (FDR corrected) was used to determine significant differences between the groups for this distance measure. The annotations used for P values are
P < 0.05 *; P < 0.01 **; P < 0.001***. (C) Linear regression was used to investigate variations in the prevalence of different genera across the groups
after adjusting for study specific variations. Whether a genus was depleted/enriched marginally (P < 0.05) or after FDR correction (<0.1) is annotated by
colour while X versus Y is used to explain the directionality of changes in the legend.
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of post-resection patients for CRC the variation with re-
spect to CRC-related genera was reduced. Fusobacterium
was more abundant in the post-operative subjects compared
to non-CRC controls (P < 0.05). Similarly, several other
taxa were significantly elevated in patients after surgical re-
section compared to non-CRC controls including known
pathobionts Parvimonas, Escherichia/Shigella and Fusobac-
terium (no significant difference was observed with respect
to the patients with newly diagnosed CRC). Hungatella and
Streptococcus were marginally depleted after removal of
CRC with respect to patients newly diagnosed with CRC
(while differences with respect to the non-CRC were not
significant). Thus, in the microbiome of patients after sur-
gical removal of CRC, there seems to be a gradual (or sub-
tle) reduction in the prevalence of CRC-enriched genera to
levels intermediate between patients with newly diagnosed
CRC and non-CRC controls. In contrast, the changes with
respect to the CRC-depleted group of genera were drastic.
Specifically, we observed a sub-group of six CRC-depleted
putatively beneficial colonic genera, including Roseburia,
Dorea, Coprococcus 1, and Anaerostipes that were signifi-
cantly enriched in the microbiomes of patients after surgi-
cal removal of CRC (all with FDR < 0.1, compared to pa-
tients with newly diagnosed CRC) (Figure 1C). These gen-
era have been consistently associated negatively with mul-
tiple diseases (30–33). Recognizing that we had applied a
non-compositional method (linear regression) to composi-
tional data (relative abundances) for the taxonomic analysis
described above, we proceeded to validate our approach by
repeating the linear regression analysis using centered-log
ratio (clr) transformed genus abundance values and com-
paring them to the data presented in Figure 1C (using rel-
ative abundances) (Supplementary Figures S4,S5 and Sup-
plementary File S4). We found, using clr-transformed gen-
era abundances as an input to the linear regression models,
that 46 taxa (compared to 51 for Figure 1C) remained sig-
nificant in at least one pairwise comparison, constituting a
major overlap in the results between methods (Supplemen-
tary Figure S4 and Supplementary File S4).

Next in order to further validate the linear regression
analysis we applied another method of differential abun-
dance analysis (ANCOMBC) (29) (Supplementary Figures
S6 and S7) (Supplementary File S5). We found using the
ANCOMBC approach that 39 taxa remained significant in
at least one pairwise comparison when compared to the
linear regression analysis in Figure 1C further highlight-
ing an overlap between methods (Supplementary Figure
S6). In total 25 genera were found to be significantly dif-
ferentially abundant between the non-CRC and newly di-
agnosed CRC groups which included several pathobionts
(Parvimonas and Escherichia/Shigella). Similar to the lin-
ear regression analysis we found the colonic microbiome of
patients after removal of CRC to have significantly lower
levels of several CRC-enriched pathobionts (such as Strep-
tococcus and Hungatella) (Supplementary Figures S6 and
S7) (Supplementary File S5). Meanwhile, we also found
several beneficial taxa to be enriched in the post-resection
microbiome (including Dorea, Roseburia and Faecalibac-
terium) when compared to patients newly diagnosed with
CRC (Supplementary Figures S6 and S7) (Supplementary
File S5). Thus, the microbiome of patients after surgical re-

section is characterized by an overall enrichment of multiple
putatively beneficial taxa compared to patients with newly
diagnosed CRC.

Co-Abundance Group (CAG) signatures are specific to pa-
tients after resection for CRC

To assess microbiome differences at community level we
grouped genera into co-abundance groups (CAGS) using
the approach previously reported by us (13, 15) (Supple-
mentary File S2). We also identified six different bacterial
CAGs, from all individuals investigated in this study (Figure
2A as reported in Flemer et al. 2017, 2018). These six CAGs
(or clusters) were named as the Pathogen cluster, Lach-
nospiraceae cluster, Bacteroidetes cluster 1, Ruminococcus
cluster, Prevotella cluster and Bacteroidetes cluster 2 based
on the dominant groups of genera (Figure 2). The genus-
level composition of each CAG is shown in Supplementary
File S6. Similar to the validation described above for the
findings presented in Figure 1C, we repeated the CAG anal-
ysis using clr-transformed abundances (Supplementary Fig-
ure S8 and Supplementary File S4). Using this approach
we identified 6 CAGs each with the same characteristics
as the ones described in Figure 2A. We detected a statis-
tically significant similarity between the data derived by the
two methods using the adjusted Rand Index (P = 0.001) (as
shown in Supplementary Figure S8 and Supplementary File
S4).

The next goal was to examine the robustness and health
associations of each CAG. To investigate robustness within
each CAG, we computed Spearman correlations between
abundances of its various constituent genera. The Ru-
minococcus cluster followed by the Lachnospiraceae clus-
ter, had the highest observed values of intra-CAG corre-
lations (Figure 2B). Clusters with the highest values have
stronger co-occurrence relationships and are generally as-
sociated with an un-diseased microbiome. Confirming this
hypothesis, both these CAGs have been observed to be neg-
atively associated with CRC in previous studies (Flemer et
al. 2017, 2018). To further verify these health associations,
for each cluster across the 451 samples, we computed the
Spearman correlations between the abundances of the con-
stituent genera with the distance from non-CRC centroid
(Figure 1B, Supplementary File S6). The genera belonging
to the Lachnospiraceae cluster had the most negative cor-
relations, indicating that the abundances of these genera
decreased with increasing distance from non-disease-like
microbiome configuration (Figure 2C, Supplementary File
S6). Several members of this cluster are also generally asso-
ciated with functionalities beneficial for the host including
fibre fermentation and short-chain fatty acid production. In
addition, genera belonging to both the Ruminococcus and
(to some extent) Bacteroides cluster 1 also displayed nega-
tive correlations indicating their increased association with
non-disease microbiome configuration. In contrast, genera
belonging to the Pathogen cluster had consistently positive
correlations with the distance from the non-CRC centroids
(Figure 2C, Supplementary File S6). These results further
confirm our previous observations that the Lachnospiraceae
cluster and the Ruminococcus cluster are associated with
the non-CRC microbiome configuration while the Pathogen
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Figure 2. Specific Co-Abundance Groups (CAGS) occur after removal of colonic cancer Six different co-abundance groups (CAGs) were identified through
hierarchal clustering of Spearman correlations between genera abundances (full methodology described in Supplementary File S2). Patients after surgical
resection have a significantly different CAG profile from other groups examined. (A) Heatmap showing the ward.d2 clustering of the spearman correlation
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number of CAGs was significantly different after surgical resection. Boxplots of four CAGs identified; (D) Pathogen cluster, (E) Lachnospiraceae cluster,
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cluster is more closely associated with CRC (Figure 2B and
C) (Supplementary File S6).

After establishing the health-associations and robustness
of the various CAGs, we next compared the abundances
of the various CAGs across the four groups of individuals
(with a special focus on the post-operative group). We ob-
served several significant differences in the microbiome of
patients after removal of CRC (Figure 2D and Supplemen-
tary File S6). The Pathogen cluster whose members include
CRC-associated taxa such as Fusobacterium and Strepto-
coccus was depleted in patients post-resection compared
to patients with newly diagnosed CRC (P = 0.0015) (Fig-
ure 2D). Furthermore, the Pathogen CAG had the high-
est abundance in the newly diagnosed CRC group and the
lowest in controls. The putatively-health-associated Lach-
nospiraceae cluster displayed the highest levels in the non-
CRC group and the lowest abundance in patients with newly
diagnosed CRC (Figure 2E). The microbiota of patients af-
ter removal of CRC displayed significantly higher levels of
the Lachnospiraceae cluster compared those with a new di-
agnosis of CRC (P = 0.019), in line with the observations
made in Figure 1C. Contrary to what we expected, the Ru-
minococcus cluster had the lowest abundance in both non-
CRC subjects and patients after resection (Figure 2G). The
Ruminococcus abundance values were significantly lower in
patients after surgical resection compared to individuals
with either newly diagnosed CRC (P = 0) or polyps (P =
0.0001). However, little difference existed between any of
the groups for the abundances of Bacteroidetes cluster 1
and 2 (Supplementary Figure S9A,B). The Prevotella clus-
ter which has been previously associated with CRC was de-
tected in lower abundance in post-resection compared with
the polyp microbiome (P = 0.013) (Figure 2F) (Supple-
mentary File S6). Thus, CAG analysis reveals significant
differences in the microbiome after tumor removal with
significant numbers of health-associated microbes (Lach-
nospiraceae cluster) gained while CRC-associated patho-
biont genera are depleted (Pathogen cluster).

The majority of patients after surgical resection retain a
CRC-like microbiome

After investigating differences in colonic microbiota com-
position in patients after removal of CRC (with respect to
non-CRC controls, patients with newly diagnosed CRC and
patients with polyps), we next focused specifically on the
post-operative group. Clustering the biopsy microbiomes of
the 63 patients post-resection using the ward.d2 approach at
the genus level identified two subject groups with differing
genus-level microbiota composition (Figure 3A). The first
group of 41 subjects (n = 70 samples) represented 65% of
the study cohort while the second group of 22 subjects (n
= 38 samples) represented the remaining 35%. We inves-
tigated the differential placement of these two sub-groups
post-resection with respect to patients with newly diagnosed
CRC and the non-CRC controls. PCoA of Bray-Curtis
dissimilarity measures revealed significant differences be-
tween all groups after controlling for the study effect (PER-
MANOVA FDR-corrected P < 0.001: R2 = 0.12; Figure
3D). The first group was found to have an abnormal mi-
crobiota similar to that of patients with newly diagnosed

CRC named Post-Op-CM (Post-Op CRC-like microbiota).
The second group had a normal-like microbiota more simi-
lar to that of non-CRC controls named Post-Op-NM (Post-
Op normal-like microbiota) (Figure 3D). This observation
was further evident when comparing the distances of sam-
ples belonging to the two sub-groups with the median non-
CRC centroid (Figure 3C) as well as by comparing the abun-
dances of the various CAGs (Figure 3E–J). Patients after
surgical resection with a microbiota composition most sim-
ilar to controls (n = 21) were significantly closer to the non-
CRC control group than those observed to have an abnor-
mal microbiota (n = 42) (P = 0.008). A visual inspection
of the heatmap revealed patients with an abnormal micro-
biota composition after removal of CRC had lower diver-
sity compared to patients with a normal-like microbiota.
This was validated by comparing the genus-level Shannon
diversities (Figure 3B). Those with a microbiota composi-
tion similar to the control group (Post-Op-NM) had signif-
icantly higher Shannon Diversity values than patients with
an abnormal microbiota (Post-Op-CM) (P < 0.0001; Fig-
ure 3B). For comparison we also wanted to determine the
proportion of patients newly diagnosed with CRC who had
a microbiota similar to non-CRC controls. Based on the
distance from the non-CRC median centroid (as shown in
Figure 1B) we calculated the number of patients newly di-
agnosed with CRC whose samples had a shorter distance
than the reported upper quartile for the non-CRC group
(0.162172). Using this method, we found that 25% of newly
diagnosed CRC patients had a microbiota similar to the
non-CRC control group. Thus, these results indicate that a
group of patients (65%) after surgical resection have an ab-
normal microbiota composition similar to that of patients
with CRC (Post-Op-CM) while all other patients have a
‘normal’ microbiota composition similar to controls (Post-
Op-NM). Thus, despite an overall significant increase in
CRC-depleted taxa in patients after removal of CRC com-
pared to patients newly diagnosed with the disease, a ma-
jority of patients retained a global microbiota most similar
to that of CRC.

Differential changes in microbiota composition after surgical
resection could be replicated in previously published datasets

To validate this observation on a broader scale, we sought to
identify a robust CRC-specific microbiome alteration pat-
tern across multiple case-control microbiome datasets in-
vestigating CRC. For this purpose, we conducted a meta-
analysis of three previously published CRC microbiota
datasets obtained from the MicrobiomeHD database (33).
These datasets included fecal 16S rRNA sequences for
191 patients with CRC and 202 non-disease controls from
France, Canada and the United States (12,34,35). We con-
ducted rank normalisation of genus abundance within each
dataset and combined to build a single Random Forest clas-
sifier, which in turn was used to identify the top one hun-
dred CRC distinguishing taxa. From this list, we were able
to identify seven significant markers which shared the same
directionality and whose abundance was highly significantly
different between the non-CRC and CRC groups (Table 2).
Supplementary File S7 provides a complete description of
the methods used to identify these seven microbial markers.
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Figure 3. The majority of patients after surgical resection retain a CRC-like microbiome Two groups of patients after surgical resection with differences in
microbiota composition were identified. (A) Heatmap showing the genus profiles of all patients after removal of CRC. These groups were identified through
ward.d2 clustering as Post-Op-CM (reddish purple) and Post-Op-NM (blueish green) as annotated by legend to the left of the Figure. (B) Boxplot showing
significant differences in alpha-diversity (Shannon Index) between the subgroups. (C) Based on the PCoA coordinates from D) the median non-CRC
centroid was determined and the distance of all samples from that point subsequently calculated and shown here as a boxplot. (D) Principal component
analysis (PCoA) of Bray-Curtis dissimilarity (ß-diversity) 16S rRNA genus profiles. The PERMAOVA P value (0.001) indicates that there is statistically
significant separation between the groups after accounting for the student effect and patient identifier. The eigenvalues explaining the variation of each axis
are expressed as a percentage (X-axis = 12.36%, Y-axis = 10.93%). (E-J) Comparison of CAG abundance between patients with an abnormal microbiota
(Post-Op-CM) and a normal-like microbiota (Post-Op-NM) after removal of CRC. Wilcoxon test (FDR corrected) was used to determine significant
differences between the groups. The annotations used for P values are P < 0.05 *; P < 0.01 **; P < 0.001***.
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Table 2. Seven taxa identified as markers of CRC in three different studies

Taxon Directionality P value

Anaerostipes CRC-depleted 0.002
Eisenbergiella CRC-enriched 0.0001
Fusobacterium CRC-enriched 0
Hungatella CRC-enriched 0.0018
Parvimonas CRC-enriched 0
Peptostreptococcus CRC-enriched 0
Porphyromonas CRC-enriched 0

To validate the differences between patients with a ‘normal’ microbiome
and an abnormal microbiome groups after surgical resection we identified
seven taxa as markers of CRC in three different studies representing indi-
viduals from France, America and Canada. Wilcoxon test was used to de-
termine the individual P values for each dataset. Significance of taxa was
identified using Fisher’s exact test of the P values from each Wilcoxon test.
See Supplementary File S2 and S7 for a full description of the methods
used to identify these markers.

Only one of the seven genera was a CRC-depleted taxon
namely Anaerostipes (Table 2). The other distinguishing
taxa included recognized CRC-associated microbes includ-
ing Fusobacterium, Peptostreptococcus and Porpyhromonas
(Table 2). Interestingly, all seven of these markers had the
same directionality between the CRC and non-CRC groups
in this study, and also shared the same directionality be-
tween patients post-resection with abnormal microbiota (n
= 42) and those with a microbiota similar to controls (n
= 21) (Supplementary File S7). Thus, this provides fur-
ther evidence that the majority of patients after removal
of CRC have an abnormal microbiota composition similar
to patients with CRC (Post-Op-CM) while the remaining
patients in this group have a ‘normal’ microbiome similar
to non-CRC controls (Post-Op2-NM). Given that many of
these taxa like Fusobacterium have been causally implicated
with CRC onset, patients after surgical resection with an
abnormal microbiota can be hypothesized to be at higher
risk of developing a new CRC than those with a microbiota
composition similar to the control group.

We next investigated whether the identified differences
in microbiota composition in the two post-surgical resec-
tion sub-groups identified in the current study could be de-
tected in another post-resection microbiome dataset (36).
Thus, we analyzed fecal shotgun metagenomic sequencing
data for 40 individuals from Japan who had a history of
colorectal surgery (36). We conducted Principal coordinate
analysis (PCoA) of the gut microbiomes of these individu-
als based on Spearman distances obtained from the species
profiles. Based on the first two Principal coordinates (PCo1
and PCo2), we observed that even in this geographically
distinct cohort, individuals who had surgical treatment for
CRC could be classified into two distinct groups with dif-
ferences in microbiota composition (which we refer to as
Yashida Post-Op-CM and Yashida Post-Op-NM) (Supple-
mentary Figure S10A,B). Furthermore, we noted that the
Yashida Post-Op-CM group had significantly higher abun-
dances of several CRC-enriched taxa (genera identified in
Table 2) (P < 0.03) (Supplementary Figure S10C) (simi-
lar to our Post-Op-CM group), and lower abundances of
several CRC-depleted taxa including Blautia, Faecalibac-
terium and Coprococcus (genera identified in Figure 1C) (P
< 0.05) (Supplementary Figure S10D). It is interesting to

find that two distinct post-resection microbiome groups are
also evident in another sample type. Previous work by us
(13, 15) and others (37) has identified significant differences
between the microbiota composition of faeces and colonic
biopsies. Specifically in the case of CRC patients, several
genera are known to be significantly differentially abundant
in biopsy samples compared to fecal samples (including Fu-
sobacterium and Streptococcus). This analysis further vali-
dates that two distinct groups of patient exist after removal
of CRC with differences in their colonic microbiota compo-
sition independently of sample type.

Association of post-resection microbiome groups with diet
and medication

We next sought to identify host-associated or lifestyle fac-
tors that covaried with differences in microbiota composi-
tion between sub-groups (Post-Op-CM and Post-Op-NM)
after removal of CRC. The host-associated metadata avail-
able to us for performing these investigations are provided
in Supplementary File S8. These include information per-
taining to demographics (age and gender), drugs, history of
treatment (chemotherapy and radiotherapy), tumour loca-
tion, tumour stage and habitual diet. We adopted a hierar-
chical approach, where we first compared the various demo-
graphic factors between the two sub-groups post-resection.
Gender distribution was significantly different between the
two groups, with patients observed to have a ‘normal’ mi-
crobiota being predominantly male (P = 0.034) and older
in age (P = 0.056) (Supplementary Figure S11A,B). Pa-
tients after removal of CRC who had a microbiome simi-
lar to controls also had an insignificantly longer duration
of time since the surgery. However, this factor had a sig-
nificant strong positive correlation with age (P = 0.03).
Given these observations, we hypothesised that robust as-
sociations between the two microbiome-types (high-risk ab-
normal microbiome versus the ‘normal’ microbiome group)
and all the other metadata could only be identified af-
ter adjusting for the effects of age, gender and time since
surgery. In addition, we also adjusted for the effects of sev-
eral clinical characteristics of the patient cohort includ-
ing treatment history (chemotherapy and radiotherapy), tu-
mour stage and tumour location, as these factors have pre-
viously been shown to interact with gut microbiota com-
position (36,38,39). First, we wanted to examine the as-
sociation of drug treatment with the two colonic micro-
biome sub-types in patients after removal of CRC. In or-
der to examine a set of ‘informative’ factors we removed
drugs which were infrequently consumed (consumed in less
than one third of the post-operative group) among patients
post-CRC removal. Through logistic regression accounting
for age, the duration of time since surgery gender, history
of treatment, tumour location and tumour stage as con-
founding factors we identified a group of cardiovascular
drugs as a factor covarying with differential taxa in the mi-
crobiome after removal of CRC (Supplementary File S9).
This group of drugs specifically includes those used to treat
hypertension such as angiotensin II receptor antagonist,
beta-blockers and angiotensin-converting enzyme (ACE)
inhibitors. We then compared the consumption levels of car-
diovascular drugs between the two sub-groups of patients
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after removal of CRC and found that consumption levels
were significantly higher in patients with a normal-like mi-
crobiota (Fishers exact test P = 0.01) (Figure 4A). Our lo-
gistic regression models also highlighted a negative associ-
ation with cancer stage, meaning that individuals in Post-
Op-CM group tended to have a more advanced stage of
cancer (Supplementary File S9). We also identified a weak
positive association with the location of cancer. Specifically,
we found that patients in the Post-Op-NM group tended to
have had a tumour in the descending colon (Supplementary
File S9).

Next, we investigated the association between habitual
diet and the two microbiome sub-types within the cohort of
patients after surgical resection after adjusting for the co-
variates identified above. To investigate a set of ‘informa-
tive’ dietary components, we first removed dietary ingredi-
ents that had a small effect size (of difference) in consump-
tion patterns across the two groups of patient post-removal
of CRC. For this purpose, we computed the cohen’s d on
the consumption frequencies of all the individual food items
between the groups removing those with an absolute value
of less than 0.5 (Supplementary File S9). We built logistic
regression models on the remaining set of informative di-
etary components accounting for the previously mentioned
confounders as well as total energy consumption (Table 3).
We identified four dietary ingredients as being statistically
significant using this approach (Table 3). These included
cruciferous vegetables (P = 0.02), fruiting vegetables (P =
0.03), peanuts (P = 0.001) and vegetable soup (P = 0.01) the
consumption of which was significantly higher in patients
with a normal-like microbiota after removal of CRC (Ta-
ble 3; Figure 4B–E). Interestingly, it was found that diet as
a whole was not significantly different between the groups
(PERMANOVA P = 0.195, R2 = 0.1051; Supplementary
Figure S12). This indicates that consumption levels of spe-
cific dietary ingredients rather than major differences in the
overall habitual diet provide the major correlational differ-
ences between microbiota profiles after surgical resection.

We also wanted to establish what relationship these four
food items have with the most important taxa in distin-
guishing between the newly diagnosed CRC and control
microbiomes. In order to do so we conducted Spearman
correlations between diet and the top twenty five microbial
features from the RF classifier (Figure 4F) (Supplementary
File S10) (Supplementary Figure S13). The identification
of the top 25 microbial features was also validated by
the analysis of clr-transformed genus abundances (Sup-
plementary Figure S14 and Supplementary File S4). We
found a number of significant associations between specific
dietary ingredients and genera. For example, fruiting veg-
etable consumption was positively associated with several
CRC-depleted genera (Lachnospiraceae FCS020 group,
Lachnospiraceae NK4A136 group, Faecalibacterium and
Anaerostipes) (Figure 4F). Meanwhile vegetable soup
consumption was found to negatively associate with
CRC-enriched genera (Porphyromonas) while positively
associating with the CRC-depleted Coprococcus 3 (Figure
4F). Furthermore, cruciferous vegetable consumption was
negatively correlated with the CRC-enriched Fusobac-
terium and Porphyromonas (Figure 4F). Thus, we observed
that higher consumption of cruciferous vegetables, fruiting

vegetables, peanuts and vegetable soup in patients with a
normal-like microbiome after removal of CRC is positively
associated with a primary core group of genera, which are
linked to control group microbiota composition. These
dietary ingredients were also negatively linked to a small
group of taxa which are enriched in CRC.

DISCUSSION

The results confirm that the colonic microbiome remains
abnormal in most, but not all, patients after removal of
a colorectal cancer which may be a risk factor for devel-
opment of a new CRC. However, in about one third of
patients, the microbiome seems to revert toward normal.
Unsurprisingly, consumption of specific dietary ingredients
and cardiovascular drugs co-varied with the differences in
microbiota composition. Thus, the microbiome may be a
biomarker for identifying those patients at greatest risk of
developing a new CRC for whom surveillance and interven-
tions should be prioritized.

Differences in the microbiomes of newly diagnosed pa-
tients with CRC and those post-resection of CRC are to be
anticipated and likely due to several factors including the
surgical procedure itself (40,41), pre-operative antibiotics,
chemotherapy and radiotherapy (39,42). We found that the
microbiome of patients after removal of CRC had higher
levels of putatively beneficial colonic genera (including Fae-
calibacterium, Roseburia, Dorea, Coprococcus, Blautia, Bu-
tyricoccus, Lachnoclostridium, and Anaerostipes) alongside
lower levels of CRC-associated genera (Hungatella and
Streptococcus) when compared to the microbiota compo-
sition in CRC patients. This was further confirmed by dif-
ferences in the prevalence of the fiber-fermenting Lach-
nospiraceae cluster and the CRC-associated Pathogen clus-
ter. This suggests that changes in both diet and lifestyle may
also drive microbiome alterations after surgical resection
and that the microbiome is significantly altered in the direc-
tion of the non-CRC controls, for a sub-set of the survivors.
In previous small-scale studies comparing the microbiota
of patients with newly diagnosed CRC with that of patients
after surgical removal of the cancer, results seemed conflict-
ing (16–20) but the current study clarifies that while the mi-
crobiome remains altered in the majority, it reverts toward
normal in about one-third of patients after resection of the
cancer.

Our findings were further supported by the identification
of the seven CRC markers which validated that the differ-
ences between patients with a normal and abnormal micro-
biome after removal of CRC are analogous to that of the
CRC and non-CRC microbiome. In addition, we were able
to show that two distinct microbiome subgroups (Yachida
Post-Op-CM and Yachida Post-Op-NM) also exist in a co-
hort of Japanese patients who underwent surgical treat-
ment for CRC. The Yachida Post-Op-CM group had sig-
nificantly higher abundance of CRC-enriched genera as well
as lower levels of CRC-depleted genera when compared to
the Yachida Post-Op-NM group providing further evidence
that the colonic microbiota remains abnormal in most, but
not all, patients after removal of CRC.

Of note, consumption levels of several dietary ingredi-
ents and cardiovascular drugs co-varied with differences
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Figure 4. Association of post-resection microbiome groups with diet and medication Three different dietary ingredients and cardiovascular drugs are
shown. B)-E) Boxplots of each of the three dietary groups including: B) cruciferous vegetables, C) fruiting vegetables, D) vegetable soup and E) peanuts.
Wilcoxon test (FDR corrected) was used to determine significant differences between the groups for the dietary groups. (A) Bar plot showing consumption
level of cardiovascular drugs between individuals in the group. Fisher’s exact test was to test for significance. The annotations used for P values are P <

0.05 *; P < 0.01 **; P < 0.001***. F) Heatmap showing correlations between specific taxa and four dietary ingredients (cruciferous vegetables, vegetable
soup, peanuts and fruiting vegetables). The taxa used in this correlation analysis were identified as the top twenty-five distinguishing taxa between CRC
non-CRC groups from a random forest classifier. CRC-enriched genera (sky blue) and CRC-depleted genera (orange) are annotated by the legend to the
left. Correlations of interest are outlined in red. Significance was assumed at <0.1*.
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Table 3. Specific dietary ingredients co-vary with differences in the microbiota of patients after removal of CRC

Cruciferous vegetables Peanuts

Std Std

Estimate error Z value Pr(>Z) Pr(>Chi) Estimate error Z value Pr(>Z) Pr(>Chi)

Intercept -1.28 1.74 -0.73 0.46 -10.82 3.40 -3.18 0.00
Patient 0.04 0.02 2.18 0.03* 0.14 0.03 0.02 1.66 0.10 0.14
Sample Location 0.04 0.50 0.09 0.93 0.92 0.10 0.56 0.17 0.86 0.91
Cancer Stage -0.78 0.45 -1.74 0.08 0.04* -0.86 0.48 -1.80 0.07 0.04*

Cancer Location 0.93 0.57 1.61 0.11 0.02* 0.11 0.65 0.18 0.86 0.02*

Total energy
consumption

0.30 0.88 0.34 0.74 0.154 -2.75 1.31 -2.10 0.04* 0.15

Gender 0.31 0.55 0.57 0.57 0.25 0.60 0.62 0.97 0.33 0.25
Duration since surgery 0.00 0.00 -0.71 0.48 0.78 0.00 0.01 -0.43 0.67 0.78
Age -0.01 0.02 -0.41 0.68 0.65 0.15 0.05 3.10 0.00** 0.65
Chemotherapy 0.55 0.87 0.63 0.53 0.22 1.35 0.91 1.50 0.13 0.22
Radiotherapy -0.36 0.68 -0.53 0.60 0.44 -0.58 0.83 -0.70 0.49 0.44
Dietary group 0.49 0.17 2.82 0.00** 0.00** 10.85 2.95 3.68 0.00** 0.00***

Q Value 0.03* 0.00**

Vegetable soup Fruiting vegetables

Std Std

Estimate error Z value Pr(>Z) Pr(>Chi) Estimate error Z value Pr(>Z) Pr(>Chi)

Intercept -1.05 1.85 -0.57 0.57 -2.36 1.73 -1.36 0.17
Patient 0.01 0.02 0.88 0.38 0.14 0.03 0.02 1.70 0.09 0.14
Sample Location -0.09 0.51 -0.18 0.86 0.92 -0.14 0.50 -0.29 0.77 0.92
Cancer Stage -0.92 0.41 -2.23 0.03* 0.04* -0.92 0.45 -2.06 0.04* 0.04*

Cancer Location -1.25 0.48 -2.61 0.01** 0.02* 1.19 1.40 2.09 0.04* 0.02*

Total energy
consumption

0.00 0.00 1.09 0.28 0.15 -0.89 1.00 -0.89 0.37 0.15

Gender 0.45 0.56 0.81 0.42 0.25 0.57 0.54 1.05 0.29 0.25
Duration since surgery 0.00 0.01 0.35 0.73 0.78 0.00 0.00 0.35 0.73 0.78
Age 0.01 0.02 0.23 0.82 0.65 0.02 0.02 0.71 0.48 0.65
Chemotherapy 1.35 0.83 1.63 0.10 0.22 0.94 0.82 1.15 0.25 0.22
Radiotherapy -0.49 0.66 -0.74 0.46 0.44 -0.42 0.69 -0.61 0.54 0.44
Dietary group 1.01 0.40 2.52 0.01* 0.01* 0.33 0.12 2.66 0.01* 0.00**

Q Value 0.01* 0.04*

Logistic regression was conducted on dietary ingredients which had a cohens d value of >0.2. Only the four dietary ingredients determined to be statistically
significant are shown. We controlled for several confounding factors including tumour stage, tumour location, treatment history, age, time since surgery,
gender total energy consumption. Given some patients had more than one sample available, this was also accounted for as a confounding factor. Refer to
Supplementary File S9 to see results for all dietary ingredients analysed. Q value refers to the adjusted Pr(>Z) value obtained for each dietary group. The
annotations used for P values are P < 0.05 *; P < 0.01 **; P < 0.001***.

in the microbiota post-resection independently of several
important clinical confounders (including history of treat-
ment, tumour stage, duration of time since the surgery, age
and gender). Knowledge of how specific dietary ingredi-
ents influence the colonic microbiome is limited and stud-
ies of associations with the microbiome have been inconsis-
tent due to differences in trial design and methodological
limitations. Two studies have shown that cruciferous veg-
etables can significantly alter the microbiota (43,44). Most
cruciferous vegetables are a source of vitamins A and C
and contain phytonutrients, which are plant-based com-
pounds known to reduce cancer risk through inflammation
attenuation (45). This food group is also known to signif-
icantly reduce risk of CRC through the action of its sec-
ondary metabolites including glucoinolates (46,47). Little
evidence is available regarding the effects of peanuts on the
microbiome but the legume family has been associated with
reduced CRC risk (48). In our study, these dietary ingre-
dients have numerous associations with the top taxa that
distinguish between newly diagnosed CRC and non-CRC

groups. Various cardiovascular drugs which are commonly
prescribed for patients in the age range linked with CRC al-
ter the colonic microbiome, including ACE inhibitors (49),
beta-blockers (50), angiotensin II receptor antagonists (51)
and aspirin (52). Interestingly, we found that cruciferous
vegetables and cardiovascular drugs, specifically aspirin, co-
varied with differences after removal of CRC given that
both are known to exhibit chemoprotective properties.

Our previous work showed no significant difference be-
tween paired samples from the tumour and nearby non-
cancerous tissue (13,53). Here we also showed that no ma-
jor microbiome differences between paired samples were de-
tectable. However, patients with a normal-like microbiome
after removal of CRC displayed significantly more variation
between their paired samples than those observed to have an
abnormal microbiome (Supplementary Figure S15). This is
consistent with changes to the spatial gradient of micro-
biota in the colonic mucosa in a subset of patients observed
to have a normal microbiome after resection. Emerging ev-
idence suggests that spatial reprogramming of the colonic
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microbiota may occur in chronic diseases (54) potentially
explaining the low level of variation observed in patients
with an abnormal microbiome after removal of CRC.

There are limitations to our study with regard to size and
duration. Future studies should be longitudinal for greater
periods of follow up and preferably with a controlled inter-
vention such as structured dietary advice aimed at restoring
the post-operative microbiota.

In conclusion, following removal of CRC the micro-
biomes of patients are heterogeneous with most retaining
alterations similar to those of newly diagnosed CRC but a
substantial minority reverting toward normal and similar
to that of controls. This adds support to the pursuit of the
colonic microbiota as a marker of risk for development of
CRC and not simply as a diagnostic marker. In particular,
the microbiome may enable resources to be focused on a
subset of patients at greatest risk of developing a new CRC
after surgical removal of the primary CRC.
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