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ABSTRACT
Background  While colorectal cancer (CRC) has been 
linked to the gut microbiome, it remains unclear whether 
specific microbial signatures are detectable in precursor 
lesions such as adenomatous polyps, serrated lesions or 
sessile serrated lesions.
Objective  To assess gut microbiome taxonomic 
and functional associations with colorectal neoplasia 
presence, severity (non-advanced, advanced and CRC) 
and subtype and evaluate predictive potential in high-
risk neoplasia.
Design  Analysed cross-sectional stool metagenomes 
(pre-colonoscopy) from 1762 participants (97% White 
British) undergoing colonoscopy in the multicentre 
COLO-COHORT study. Neoplasia was classified per 
British Society of Gastroenterology surveillance 
guidelines. Linear mixed-effects models and random 
forest classifiers assessed taxonomic and functional 
associations, adjusting for dietary, clinical and lifestyle 
covariates.
Results  Gut microbiome composition differences 
between individuals with and without neoplasia were 
statistically significant but minimal (R2=0.0008, p=0.03). 
A small number of species, including Mediterraneibacter 
faecis and Pseudoruminococcus massiliensis, and 
microbial pathways, including amino acid biosynthesis 
and β-lactam resistance, were modestly linked to 
neoplasia, particularly early lesions (q value <0.05). 
Associations were generally weak and attenuated after 
covariate adjustment. Predictive models combining the 
microbiome with clinical/demographic features modestly 
improved high-risk neoplasia classification (area under 
the curve=0.64 vs 0.58 for clinical/demographic features 
alone).
Conclusion  This large prospective cross-sectional study 
found weak and inconsistent associations between 
the gut microbiome and premalignant colorectal 
neoplasia, with no robust microbial signatures. Findings 
suggest that previously reported microbial shifts may 
emerge later in disease progression, potentially as a 
consequence rather than a cause of CRC. Longitudinal, 
multiomic studies disentangling temporal and causal 
pathways between the gut microbiome and neoplasia 
are required.

INTRODUCTION
Colorectal cancer (CRC) remains a leading cause of 
cancer morbidity and mortality, with ~1.9 million 
new cases annually.1 Most CRCs develop through 
two main pathways. The most common is the 
adenoma-carcinoma sequence, which involves 
progression from adenomatous polyps (APs). A 
second pathway involves progression from sessile 
serrated lesions (SSLs) and other serrated lesions 
(SLs) and is estimated to account for up to 30% of 
CRC cases.2–4 Advanced neoplasia, which includes 
larger polyps (≥10 mm) and/or those with dysplasia, 
is associated with higher malignant potential and 
increased CRC risk, distinguishing it from non-
advanced neoplasia.5

The molecular and environmental drivers of 
colorectal neoplasia remain incompletely under-
stood, limiting potential for early detection and 
precise risk stratification. The gut microbiome, 
shaped by diet, lifestyle and medication, modulates 
host immunity, metabolism and inflammation, all 
relevant to CRC pathogenesis.6

In our recent systematic review of shotgun metag-
enomic studies across 22 populations, we identified 
reproducible microbial signatures in CRC, particu-
larly enrichment of Fusobacterium nucleatum and 
Parvimonas micra, reported in 35%–38% of the 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ The gut microbiome of patients with colorectal 
cancer (CRC) differs from that of healthy 
individuals, with taxa such as Fusobacterium 
nucleatum and Parvimonas micra enriched in CRC 
in multiple studies.

	⇒ Limited evidence raises the question as to 
whether microbial profiles may vary between 
those with and without colorectal polyps and 
across polyp types (adenomatous, serrated and 
sessile serrated), but studies are limited by small 
sample sizes, inconsistent polyp classifications 
and inadequate adjustment for confounders.

	⇒ The role of the microbiome in precancerous 
lesions therefore remains unclear.
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26 studies, respectively.7 Findings for precancerous polyps were 
inconsistent, and only one of the 26 studies stratified microbial 
associations by both adenomatous and serrated subtypes.8 These 
studies had small sample sizes and substantial methodological 
heterogeneity, including inconsistent polyp definitions, inade-
quate confounder adjustment and non-standardised protocols.7 
It therefore remains unclear when and where in the pathway from 
normal mucosa to CRC changes in the microbiome may occur, 
thus, hampering the development of molecular approaches to 
early detection.

To address this gap, we generated and analysed gut micro-
biome profiles from 1762 participants recruited to the COLO-
COHORT study,9 applying standardised British Society 
of Gastroenterology (BSG) surveillance classifications for 
neoplastic lesions4 and adjusting robustly for dietary, clinical and 
lifestyle confounders. Using shotgun metagenomic sequencing, 
we aimed to (1) characterise microbial differences between indi-
viduals with and without colorectal neoplasia, (2) explore vari-
ation across neoplasia stages (non-advanced polyps, advanced 
polyps and CRC) and neoplastic subtypes (APs, SLs and SSLs) 
and (3) evaluate the predictive potential of microbiome profiles 
for identifying high-risk neoplasia. This study sought to uncover 
taxonomic and functional markers relevant to early CRC devel-
opment and assess their potential for improving early detection.

METHODS
Study sample
This analysis included the first 1762 participants aged ≥30 years 
from the ongoing COLO-COHORT study,9 who provided pre-
bowel preparation stool samples suitable for shotgun metage-
nomic sequencing along with concurrent clinical, dietary and 
lifestyle data. COLO-COHORT recruits adults undergoing 

colonoscopy across 32 UK National Health Service (NHS) 
sites, with referrals via the Bowel Cancer Screening Programme 
(BCSP), symptomatic pathways (investigation of rectal bleeding, 
change in bowel habit, iron deficiency anaemia, rectal or abdom-
inal mass, positive faecal immunochemical test (FIT), unex-
plained weight loss, abdominal pain or abnormal imaging) or 
routine surveillance (familial history, post-CRC surveillance or 
polyp surveillance). Participants may choose different levels of 
consent: some provide only permission for future contact, others 
contribute limited clinical data, and a subset (Group A1) consent 
to full phenotyping and biospecimen collection, including 
pre-bowel preparation stool and blood samples. The present 
microbiome analysis is restricted to Group A1 participants who 
provided suitable stool samples; those consenting to less inten-
sive levels were not included. Further details on consent options 
and recruitment are provided in the published protocol.9

Further details on clinical data collection and dietary assess-
ment are provided in the online supplemental methods. A sche-
matic of the study design and analysis workflow is presented in 
figure 1.

Neoplasia classification
Colorectal neoplasia was determined by histopathological eval-
uation of resected polyps performed as part of routine NHS 
clinical pathology. Lesions were categorised as APs (tubular, tubu-
lovillous or villous adenomas) or SLs (SSLs, traditional serrated 
adenomas, mixed polyps or hyperplastic polyps, excluding small 
(<5 mm) rectal hyperplastic polyps). Advanced polyps were 
defined using BSG surveillance guidelines4 as APs ≥10 mm or 
with high-grade dysplasia, or SLs ≥10 mm or with any dysplasia.

Outcome measures
We examined gut microbiome differences across three analytical 
frameworks (figure 1), with participant classifications described 
in online supplemental table 2:

Comparison group
Participants with no polyps, either neoplastic or non-neoplastic 
(eg, inflammatory) or cancer detected during colonoscopy, 
comprised the no neoplasia group, which served as the reference 
population for all comparative analyses across the three analyt-
ical frameworks.

Neoplasia presence
Participants with neoplastic polyps or CRC detected comprised 
the neoplasia group. The neoplasia group was further stratified 
by exclusively left-sided (splenic flexure—rectum) or right-sided 
lesions (caecum—transverse colon) colonic location.

Neoplasia subtype and stages
Microbiome differences were assessed by polyp subtype (APs, 
SLs (including SSLs) and SSLs) and neoplasia stage (cancer, 
advanced polyps excluding CRC and non-advanced polyps) 
using participants with exclusively one lesion type/stage to inves-
tigate association specificity.

Clinical utility
Participants were categorised as high-risk per BSG guidelines4 
(≥2 premalignant polyps with ≥1 advanced polyp, ≥5 prema-
lignant polyps or ≥1 large non-pedunculated polyp (>20 mm 
with specific Paris morphology10)). Non-high-risk participants 
were 1:1 matched on age, sex and body mass index (BMI) to 
test microbiome predictive capacity for high-risk classification.

WHAT THIS STUDY ADDS
	⇒ This is the largest metagenomic study to date (n=1762) 
examining microbial associations of precancerous lesions 
across the spectrum of neoplasia, using standardised British 
Society of Gastroenterology surveillance classifications and 
comprehensive adjustment for dietary, clinical and lifestyle 
confounders.

	⇒ Despite rigorous methodology and a large sample size, no 
robust microbial signature of precancerous lesions was 
identified, with most associations weak and attenuated after 
confounder adjustment.

	⇒ Novel associations with Mediterraneibacter faecis and 
Pseudoruminococcus massiliensis were identified but showed 
small effect sizes and limited clinical significance.

	⇒ Predictive models incorporating microbiome data showed 
only marginal improvement over clinical/demographic factors 
alone, suggesting limited utility of microbiome profiles in 
detecting high-risk neoplasia.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ These results challenge the idea that the gut microbiome 
can reliably indicate early colorectal neoplastic changes and 
caution against overinterpreting microbiome signals in polyp 
detection or risk stratification.

	⇒ Future work should prioritise longitudinal, multiomics studies 
with harmonised protocols to determine whether consistent 
microbial shifts emerge in lesions that do progress to 
malignancy.
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Figure 1  Schematic representation of the study design, data collection and analysis workflow. A total of 1762 participants undergoing colonoscopy, 
including patients from both BCSP and non-BCSP pathways, were selected. Available data included gut microbiome profiles generated through 
shotgun metagenome sequencing, dietary information via the EPIC-FFQ and clinical and lifestyle data. The analysis pipeline explored within- and 
between-participant differences in gut microbial diversity and their correlations with colorectal neoplasia outcomes and included mixed-effect 
modelling (MaAsLin2) and random forest modelling for both classification and feature importance. ANOVA, analysis of variance; BCSP, bowel 
cancer screening programme; EPIC-FFQ, European Prospective Investigation into Cancer and Nutrition-food frequency questionnaire; PERMANOVA, 
permutational multivariate analysis of variance
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Faecal sample collection and gut metagenome sequencing
Stool samples were collected prior to bowel preparation using a 
validated FIT (OC Sensor, Mast Diagnostics)11 12 and subjected 
to shotgun metagenomic sequencing (Illumina NovaSeq6000) 
by Novogene. DNA extraction, sequencing and quality control 
followed standardised protocols, with details provided in online 
supplemental methods.

Alpha diversity
We calculated alpha diversity metrics at the species level using 
‘vegan’.13 Observed taxonomic richness represented the count 
of unique species detected, and the Shannon Diversity Index14 
represented per-sample species dominance.

Beta diversity
To evaluate between-sample diversity, we computed Bray-Curtis 
dissimilarities15 as a measure of dissimilarity between samples 
based on species relative abundance and Jaccard distances16 as 
a measure of dissimilarity based on species presence or absence.

Statistical analysis
All statistical analyses were performed using R V.4.3.1.17

Imputation
Missing covariate data were imputed using k-nearest neigh-
bours (k=9).18 Missingness ranged from 0.06% (n=1; sex) 
to 2.4% (n=43; waist circumference). Imputation used only 
non-microbiome, non-outcome variables to avoid bias (online 
supplemental table 3).

Statistical modelling approaches
Three complementary strategies were used to investigate asso-
ciations with neoplasia outcomes. The base and a priori models 
were fitted for all analyses (α-diversity, β-diversity, taxonomic 
abundances and functional pathways), whereas the data-driven 
model was applied only to taxonomic analyses and when addi-
tional non-a priori features were identified.

	► The base model (age, sex, BMI and ethnicity, recruitment 
site and sequencing batch) was applied to all analyses for 
comparability, and results are presented in figures and online 
supplemental material.

	► The a priori model extended the base model with prespec-
ified dietary (energy intake (kcal/day), healthy diet score 
(HDS)), lifestyle (alcohol intake (g/day) and pack-years of 
smoking) and medication (proton pump inhibitor (PPI) and 
aspirin use).

	► A data-driven model was applied only to taxonomic anal-
yses when additional, stable non-microbial covariates were 
identified through random forest recursive feature elimina-
tion (RFE), extending the a priori model (see online supple-
mental methods for thresholds and parameters).

Diversity analyses
α-diversity differences were assessed using analysis of variance 
(ANOVA) and mixed-effects regression (accounting for batch 
and site as fixed effects).

β-diversity was evaluated using permutational multivariate 
analysis of variance (PERMANOVA), implemented in adonis2,13 
with 1000 permutations, treating recruitment site as a blocking 
factor. Homogeneity of dispersion was tested using permdisp.

Microbial taxa associations
Taxa present in ≥5% of samples were retained, and centre-log 
ratio normalised. Mixed-effects regression models were fitted 
using MaAsLin2,19 at species, genus and phylum levels with 
Benjamini-Hochberg false discovery rate (FDR) <0.1 considered 
significant.

To evaluate robustness to modelling approaches, we further 
performed ANCOM-BC2 (V.2.6.020) for the main outcome, 
neoplasia presence and on count data of species.

Functional microbiome analysis
Functional profiling was conducted using HUMAnN V.3.0. Gene 
family abundance tables were filtered to microbial enzymes anno-
tated with enzyme commission numbers, based on UniRef9021 
mappings from UniProt.22 We analysed 132 794 microbial gene 
families using linear mixed-effects models.

Metabolic pathway abundance, expressed as the number of 
complete copies of each pathway in the community, was filtered 
to exclude microbially stratified abundance values. We analysed 
462 microbial metabolic pathways using the same approach as 
gene families.

Predictive modelling for clinical utility
Random forest models with fivefold cross-validation distin-
guished high-risk cases from matched controls, using all avail-
able covariates, all gut microbial species or a combined model. 
Matching, model parameters and feature selection details are 
provided in the online supplemental methods.

Subgroup analyses and sensitivity analyses are described in the 
online supplemental methods.

RESULTS
Study population characteristics
This large study recruited all patients using the same protocol 
and included 1762 participants with gut microbiome profiles 
assessed by shotgun metagenomics (mean (SD): age 60.9 (12.1) 
years, BMI 28.7 (6.0) kg/m2, 51.4% female) (table 1). Partici-
pants were representative of the overall UK colonoscopy popula-
tion (50.4% female, median age 61 years (IQR 50–71)).23 Of the 
participants, 61.1% (n=1076) had no polyps or cancer detected 
(the no-neoplasia group). Participants were predominantly of 
White British ethnicity (97%).

Colorectal neoplasia was detected in 686 individuals (38.9%, 
neoplasia group). Among these, 28 individuals had CRC only, 95 
had only advanced neoplastic polyps and 385 had non-advanced 
neoplastic polyps only. Others had a mixture of polyps. By 
subtype, 387 participants had APs only, 112 SLs only and 27 
SSLs only. Overall, 207 participants met BSG high-risk criteria.4 
See online supplemental tables 4 and 5 for demographics by 
neoplasia stage and subtype.

Compared to the no-neoplasia group, the neoplasia group was 
significantly (p<0.01) older (63.5 vs 59.2 years), more often 
male (57.7% vs 42.8%) and had a higher BMI (29.2 vs 28.3 kg/
m2), greater smoking exposure (50.3 vs 36.4 pack-years), lower 
fibre intake (14.6 vs 15.3 g), lower HDS (5.08 vs 5.46) and 
was more likely to have a history of polyps (29.7% vs 20.7%) 
(table  1). No significant differences were observed for family 
history of CRC, PPI use or aspirin use.

Microbial differences between individuals with and without 
any neoplasia
We first examined whether colorectal neoplasia was associated 
with broad microbial diversity.
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Alpha diversity metrics (Shannon: 3.79 vs 3.75, p=0.58; rich-
ness: 202.7 vs 197.5, p=0.63) were comparable between the 
neoplasia group and the no-neoplasia group across all models 
(online supplemental table 6), indicating that neoplasia presence 
was not associated with major differences in alpha diversity.

We next assessed overall microbial community composition. 
PERMANOVA revealed weak but statistically significant differ-
ences with neoplasia presence (Bray-Curtis R²=0.0008, p=0.03; 
Jaccard R²=0.0007, p=0.03) after adjustment for the a priori 
model (figure  2A; online supplemental table 7). However, 
dispersion testing demonstrated significantly greater within-
group variability among participants with neoplasia (Bray-
Curtis: F=11.1, p=0.002, Jaccard: F=10.5, p=9.99×10−4). 
Principal coordinates analysis based on Bray-Curtis distances 
revealed no distinct clustering by neoplasia status, with the first 
two axes explaining 7.2% and 6.5% of variance, respectively.

To identify stable predictors of neoplasia presence, we applied 
RFE using random forest classifiers across 100 iterations with 
random seeds. Of 430 features selected at least once, 30 were 
consistently identified in ≥70% of models (figure  2B). These 
included 18 microbial species and 12 non-microbial covariates, 
seven of which (waist circumference, body weight, red meat intake, 
statin use, history of polyps, employment status and height) were 
not part of our a priori models. These were incorporated into the a 
priori models to evaluate their influence on taxa-neoplasia associa-
tions. The most important features identified at the genus level are 
shown in online supplemental figure 1.

We then used linear mixed-effects models to identify taxa 
associated with neoplasia presence. Three bacterial species were 
associated with neoplasia presence after adjusting for a priori 
covariates and multiple testing (FDR<0.1): Mediterraneibacter 
faecis (p=1.18×10−3) and Pseudoruminococcus massiliensis 
(p=2.19×10−3) were positively associated, while an uncul-
tured species, GGB3475 SGB4638, was negatively associated 
(p=1.87×10−3) (figure  2C, online supplemental table 8). 
However, these associations were no longer significant after 
adjusting for additional RFE-identified covariates.

At the genus level, Pseudoruminococcus was positively asso-
ciated with neoplasia in the a priori model (p=2.15×10−3, 
FDR=0.08), but not in the data-driven model (p=2.11×10−3, 
FDR=0.13) (online supplemental table 8). No phylum-level 
associations met the FDR threshold in any model. Plots illus-
trating relative abundances and prevalence rates for key species/
genera are shown in online supplemental figure 2.

In addition to MaAsLin2, we applied ANCOM-BC2, a 
compositional bias-correcting linear mixed model that estimates 
log-fold changes (LFC), for the primary comparison (neoplasia 
vs no neoplasia). Using the same covariate sets and random 
effects (site, batch), ANCOM-BC2 identified P. massiliensis as 
significantly enriched in participants with neoplasia (a priori 
model: LogFoldChange (LFC)=1.22, SE=0.29, p=3.29×10−5, 
FDR=0.023; data-driven model: LFC=1.28, SE=0.29, 
p=2.21×10−5, FDR=0.015). Additionally, the Pseudorumino-
coccus genus was also significantly upregulated in the neoplasia 

Table 1  Demographic and clinical characteristics of study participants

Overall (n=1762) No-neoplasia group (n=1076) Neoplasia group (n=686)

n % n % n %

Sex *

 � Male 856 48.58 460 42.75 396 57.73

Ethnicity

 � White British 1709 97.0 1038 96.5 671 97.8

 � Black British 5 0.3 5 0.5 0 0

 � Asian/Asian British 17 1.0 10 0.9 7 1.0

 � Mixed 11 0.6 8 0.7 3 0.4

 � Other 15 0.9 13 1.2 2 0.3

Family history of colorectal cancer 478 27.1 300 27.9 178 25.95

Referral pathway *

 � BCSP 120 6.8 32 2.97 88 12.8

 � Non-BCSP 1620 91.9 1028 95.5 592 86.3

Medications

 � Proton pump inhibitor user 640 36.3 407 37.8 233 34.0

 � Aspirin user 207 11.8 117 10.9 90 13.1

Previous polyps detected 427 24.2 223 20.7 204 29.7 *

Mean SD Mean SD Mean SD

Age (years) 60.89 12.1 59.2 12.7 63.5 10.6 *

Body mass index (kg/m2) 28.66 6.0 28.3 6.2 29.2 5.8 *

Healthy diet score 5.31 1.8 5.46 1.8 5.1 1.8 *

Dietary fibre intake (g) 15.1 7.0 15.3 6.7 14.6 7.3 *

Pack years of smoking 41.8 60.1 36.4 57.4 50.3 64.5 *

Alpha diversity

 � Shannon diversity 3.8 0.4 3.75 0.4 3.8 0.4

 � Taxonomic richness 199.5 57.0 197.5 58.7 202.7 54.0

Characteristics were measured prior to imputation and shown overall and stratified by neoplasia presence. Missingness is reported in online supplemental table 3.
Baseline differences between the neoplasia group and the no-neoplasia group were assessed using χ2 or Fisher’s exact tests for categorical variables, and Mann-Whitney U tests 
for continuous variables, as appropriate.
*Indicates significant (p<0.01) differences.
BCSP, bowel cancer screening programme; PPI, proton pump inhibitor.; 
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group. No phylum-level associations passed multiple testing. 
ANCOM-BC2, therefore, supports the association of P. massil-
iensis and Pseudoruminococcus with neoplasia under a composi-
tional count-based modelling framework; ANCOM-BC2 results 
are provided in online supplemental table 9.

Model estimates (base model) for microbial species with 
robust prior evidence linking them to colorectal neoplasia7 are 
presented in online supplemental table 10. Although, of note, 
many were observed at low prevalence, consistent with prior 
observations that these species are enriched primarily in later-
stage or invasive disease.

Analysis of microbial functional potential identified five 
metabolic pathways significantly associated with neoplasia 
presence (online supplemental figure 3). Three pathways were 
positively associated: l-glutamate and l-glutamine biosynthesis 
(PWY-5505), tRNA processing (PWY0-1479) and peptidoglycan 
biosynthesis V (β-lactam resistance; PWY-6470). Two pathways 
were negatively associated: UTP and CTP dephosphorylation I 
(PWY-7185) and pyrimidine deoxyribonucleotide biosynthesis 
from CTP (PWY-7210). Additionally, 2674 UniRef90 gene 
families with enzymatic capacity were significantly associated 
with neoplasia (FDR<0.1), suggesting potential differences in 

Figure 2  Microbiome community structure and taxonomic features associated with colorectal neoplasia. (A) PCoA based on Bray-Curtis 
dissimilarity, coloured by neoplasia status. Each point represents an individual sample; subtle separation reflects minor global differences in 
community composition. PERMANOVA R2 and p value reflect the a priori model. Reported R2 is rounded to three decimal places. Points are coloured 
by neoplasia status (dark blue=neoplasia group; light blue=no-neoplasia group). (B) Bar plot of the top 30 most stable features discriminating 
neoplasia presence identified using recursive feature elimination across 100 random seeds. Feature stability represents the proportion of times a 
feature was selected across iterations; the red dashed line indicates the 70% stability threshold. (C) Forest plot of neoplasia-associated species and 
genera identified using linear mixed-effects models. Points represent model-estimated beta coefficients, and error bars indicate 95% CIs. Features not 
passing the false discovery rate <0.1 threshold are displayed with reduced opacity. PCoA, principal coordinates analysis; PC, principal component; 
PERMANOVA, permutational multivariate analysis of variance.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

b
y g

u
est

 
o

n
 M

ay 18, 2026
 

h
ttp

://g
u

t.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
6 M

arch
 2026. 

10.1136/g
u

tjn
l-2025-337478 o

n
 

G
u

t: first p
u

b
lish

ed
 as 

https://dx.doi.org/10.1136/gutjnl-2025-337478
https://dx.doi.org/10.1136/gutjnl-2025-337478
https://dx.doi.org/10.1136/gutjnl-2025-337478
http://gut.bmj.com/


7Louca P, et al. Gut 2026;0:1–12. doi:10.1136/gutjnl-2025-337478

Gut microbiota

the functional potential of the microbiome in the presence of 
neoplasia (online supplemental figure 4).

Subgroup analysis by neoplasia location
To explore the potential influence of polyp location, we 
conducted a subgroup analysis comparing left-sided (n=251) 
and right-sided (n=226) neoplasia.

No differences in alpha or beta diversity were observed 
between these groups (online supplemental tables 11 and 12); 
all p>0.05).

At the taxonomic level, three species, including P. massiliensis, 
were associated with right-sided neoplasia, and two, including 
Streptococcus cristatus, with left-sided neoplasia (a priori model, 
all FDR<0.1). At the genus level, Pseudoruminococcus and an 
uncultured genus (GGB3000) were associated with right- and 
left-sided neoplasia, respectively (online supplemental table 13; 
both FDR<0.1). Similar to the overall neoplasia analysis, no 
phyla passed the multiple testing threshold.

Subgroup analysis by patient referral route
We next examined whether microbial associations varied by 
clinical presentation by performing a stratified analysis based on 
referral pathway: BCSP versus non-BCSP.

Alpha diversity did not differ significantly between the 
neoplasia group and the no-neoplasia group within either 
stratum (online supplemental table 14). When investigating beta 
diversity differences, modest but statistically significant differ-
ences were identified in BCSP participants using both Bray-Curtis 
and Jaccard distance metrics (online supplemental table 15). In 
contrast, no differences were found in non-BCSP participants.

Taxonomic analyses revealed stratum-specific associations. 
Among BCSP participants, no microbial species reached signifi-
cance in the a priori model after multiple testing correction. In 
contrast, two species, P. massiliensis and M. faecis, were posi-
tively associated in the non-BCSP stratum (online supplemental 
figure 5). At the genus level, no genera remained significant in 
either stratum.

Differences across neoplasia stages and specific neoplasia 
subtypes
No differences in Shannon diversity or taxonomic richness 
were detected across disease stages (non-advanced, advanced or 
CRC) or polyp subtypes (APs, SLs and SSLs) in either ANOVA 
or mixed-effects models (online supplemental tables 16 and 
17), indicating that alpha diversity does not differ by neoplasia 
subtype or disease stage.

However, beta diversity differences were identified among 
individuals with non-advanced neoplasia. PERMANOVA anal-
yses showed significant but small compositional differences 
between individuals with non-advanced neoplasia and the 
no-neoplasia group using Bray-Curtis (R2=0.00092, p=0.046) 
and Jaccard (R2=0.00083, p=0.049) distance metrics (online 
supplemental table 18). No significant beta diversity differences 
were detected for cancer, advanced neoplasia or specific polyp 
subtypes. These results suggest that microbiome compositional 
changes are more pronounced in early, non-advanced lesions, 
with limited evidence of consistent community-level differences 
in advanced or specific neoplasia subtypes.

Features for each neoplasia stage and polyp subtype are 
presented in online supplemental figures 6 and 7, respectively.

Linear mixed-effects models identified multiple species and 
genera associated with neoplasia types after covariate adjust-
ment and FDR correction (figure 3). For cancer-only cases, nine 

bacterial species and five genera were significantly associated, 
with the strongest effects for Faecalitalea cylindroides and the 
genus Faecalitalea (figure 3A,B). No phylum-level associations 
passed FDR correction. Among those with advanced neoplasia 
(excluding cancer), six species were associated (figure 3C) and 
two, Streptococcus thermophilus and Roseburia sp AM59-24XD, 
remained significant in the data-driven model. At the genus level, 
Prevotella was consistently associated (figure 3D), although this 
association did not persist when cancer cases were included in 
the advanced neoplasia group (figure  3E,F). In non-advanced 
neoplasia, four species and two genera were identified, with M. 
faecis and Pseudoruminococcus remaining significant in the data-
driven model (figure 3G,H).

Analyses of polyp subtypes also revealed distinct microbial 
signals. P. massiliensis and Pseudoruminococcus were positively 
associated with APs in the a priori model (p=1.95×10−3, respec-
tively) but were not significantly associated when controlling 
for data-driven features (figure  4A,B). For SLs, Gordonibacter 
urolithinfaciens and P. massiliensis were associated in the a priori 
model (p=5.17×10−4, p=2.17×10−3), but not in the data-
driven model (figure 4C,D). For SSLs, 10 species and 7 genera 
(six uncultured and one unclassified Eubacteriaceae) were associ-
ated (FDR<0.1) (figure 4E,F). No phylum-level associations met 
the FDR threshold. These findings highlight distinct microbial 
signatures across neoplasia stages and subtypes, with persistent 
associations for Prevotella in advanced neoplasia and multiple 
taxa in SSLs, suggesting microbial contributions to colorectal 
neoplasia progression.

Functional pathway analysis revealed distinct microbial 
profiles across disease trajectories and polyp subtypes (online 
supplemental figures 8 and 9). Nine pathways were differen-
tially abundant in non-advanced neoplasia (online supplemental 
figure 8), with the strongest association for phospholipases. For 
polyp subtypes, three pathways were associated with APs (two 
negative and one positive), five with SLs (three negative and 
two positive), the strongest significant effect was observed for 
guanosine nucleotide degradation and two with SSLs (both nega-
tive (glucose and glucose 1 phosphate degradation and flavin 
biosynthesis III)) (online supplemental figure 9). Additionally, 
differentially abundant UniRef90 gene families were detected 
across neoplasia disease trajectories: 488 in cancer-only, 254 in 
advanced neoplasia and 1795 in non-advanced neoplasia (online 
supplemental figure 10), and 859, 125 and 248 were associated 
with APs, SLs and SSL-only, respectively (online supplemental 
figure 11). These findings suggest functional microbial alter-
ations may play a greater role in early lesion development.

Predictive utility of the gut microbiome
We evaluated gut microbiome prediction of high-risk neoplasia 
using random forest models (figure  5). The microbiome-only 
model achieved a mean area under the curve (AUC) of 0.621 
(range 0.582–0.663), a negligible improvement versus the 
covariate-only model, AUC of 0.582 (range 0.453–0.684). The 
combined model demonstrated the highest predictive perfor-
mance, with a mean AUC of 0.639 (range 0.563–0.703). In 
the microbiome-only model, top-ranking predictive species 
included Odoribacter splanchnicus, Roseburia inulinivorans and 
Ruminococcus torques. Other key predictors included partici-
pant referral route, dietary protein, alcohol intake and red meat 
consumption. In the combined model, referral route (BCSP or 
non-BCSP) remained the most influential feature, but several 
microbial species, including R. torques and O. splanchnicus, 
also ranked highly, underscoring the marginal added predictive 
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value of microbiome features when integrated with conven-
tional risk factors. Sensitivity analyses yielded similar findings, 
with the combined model again performing best (mean AUC: 
0.633; range 0.535–0.685), and slight shifts in the importance 
of features, although R. torques, O. splanchnicus and R. inulini-
vorans remained key microbiome predictors alongside protein, 
alcohol, red meat intake and symptom or screening status (online 
supplemental figure 12).

DISCUSSION
This is the largest single study (using the same protocol for all 
patients) investigating the association between the gut micro-
biome and non-CRC colorectal neoplasia. Combining colo-
noscopy outcomes with deep phenotyping and high-resolution 
metagenomic profiling, we characterised microbiome composi-
tion and function across the spectrum of colorectal neoplasia. 

While we report several statistically significant microbial taxa 
and functional pathways, effect sizes were small, and many 
associations did not persist after adjustment for confounders. 
Improvements in predictive performance were negligible, indi-
cating weak microbial signatures for non-cancerous colorectal 
lesions.

In accordance with our systematic review7 and previous 
smaller studies,24–26 we observed no differences in alpha diversity 
across neoplasia presence, subtypes or disease stages, suggesting 
that microbial richness is largely preserved in early-stage disease. 
Subtle differences in beta diversity were observed in the neoplasia 
group, particularly those with non-advanced lesions. However, 
low R2 values and lack of clustering suggest these differences are 
unlikely to be clinically meaningful.

We identified M. faecis and P. massiliensis as novel taxa asso-
ciated with neoplasia presence, non-advanced lesions, APs and 

Figure 3  Taxonomic associations with colorectal neoplasia stages. Points represent beta coefficients; error bars indicate 95% CIs. Filled points and 
solid lines denote taxa passing the false discovery rate <0.1 threshold. Colours represent model adjustment depth: light blue=base model (age, sex, 
body mass index, ethnicity, site and batch); mid-blue=a priori model (base+dietary, lifestyle and medication covariates) and dark blue=data-driven 
model (a priori+additional stable covariates identified by recursive feature elimination).
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ALs. P. massiliensis also showed significant LFCs between groups 
using an alternative modelling framework. Although the associa-
tions were consistent in direction across methods, effect sizes are 
not directly comparable because the models estimate different 
scales. Moreover, the Maaslin2 associations, while statistically 
significant, had small effect sizes and became non-significant 
after controlling for data-driven covariates such as red meat 
intake and waist circumference. This attenuation suggests 
observed microbial associations are explained by lifestyle and 
clinical factors.

Established CRC-associated taxa like Fusobacterium 
nucleatum and Parvimonas micra showed no significant associa-
tions in our neoplasia group (F. nucleatum, <5% prevalence; P. 
micra, 7.3% prevalence, p=0.36). This is consistent with Wirbel 
et al,27 who noted variable associations across populations. 
Although non-cancerous neoplasia was the primary focus of this 
study, only a small number of participants had CRC (n=28), 
reflecting the unbiased design of this colonoscopy cohort, with 
participants recruited irrespective of findings. Nevertheless, 
Bacteroides nordii showed consistent association with CRC, but 
not precancerous lesions. This association remained significant in 
sensitivity analyses that grouped CRC with advanced neoplasia. 

These findings indicate that B. nordii is enriched in CRC, but not 
in precancerous lesions. While B. nordii was previously linked 
to high-risk, left-sided adenomas in the Gastrointestinal Disease 
Endoscopy Registry (GIDER) cohort,8 we did not replicate this 
association when stratifying by colon subsite in this study.

Our findings are consistent with emerging evidence that early-
stage colorectal neoplasia may not be associated with marked 
alterations in the faecal microbiome. A recent 16S ribosomal 
RNA (rRNA) sequencing study of low-grade adenomas28 simi-
larly reported no significant differences in alpha- or beta-diversity 
compared with controls. The study, which used mucosal biop-
sies collected within 20 mm from the lesion, identified limited 
associations confined to unclassified Lachnospiraceae amplicon 
sequence variants. In contrast, our shotgun metagenomic anal-
ysis did not detect Lachnospiraceae signals, which may reflect 
differences in assay type (16S vs shotgun metagenomics) or 
sampling (faecal vs mucosal). Taken together, these findings 
support increasing consensus that community-level taxonomic 
changes in early-stage neoplasia are subtle or absent.

Functional analyses revealed enrichment of pathways, 
including l-glutamate biosynthesis and peptidoglycan biosyn-
thesis V (β-lactam resistance) in the neoplasia group. These 

Figure 4  Taxonomic associations with colorectal neoplasia subtypes. Forest plots showing selected species and genera associations from linear 
mixed-effects models. Points represent beta coefficients; error bars indicate 95% CIs. Filled points and solid lines denote taxa passing the false 
discovery rate <0.1 threshold. Colours represent model adjustment depth: light blue=base model (age, sex, body mass index, ethnicity, site and 
batch); mid-blue=a priori model (base+dietary, lifestyle and medication covariates) and dark blue=data-driven model (a priori+additional stable 
covariates identified by recursive feature elimination).
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findings align with Yachida et al,29 who reported amino acid 
metabolism to CRC progression and suggest that microbial 
metabolic shifts may support tumour metabolism or adapta-
tion to altered gut environments. The association with β-lactam 
resistance pathways, also reported in metatranscriptomic studies 
of CRC,30 may reflect microbial responses to host immune 
activation.

Random forest models demonstrated moderate predic-
tive performance of the microbiome for high-risk neoplasia 
(combined model AUC=64%), outperforming, although 
modestly, covariate-only (58%) and microbiome-only (62%) 
models. Key microbial predictors, including O. splanchnicus and 
R. torques, alongside clinical factors like symptomatic/screening 
presentation and red meat intake, might suggest a complementary 
role for microbiome data. However, this performance is inferior 
to several other models that do not include the microbiome when 
applied in symptomatic populations (AUC=80%–85%),31 indi-
cating microbiome profiles are not viable standalone diagnostic 
tools for the presence of high-risk neoplasia. The prominence 
of the referral pathway as the top predictor in random forest 
models likely reflects underlying differences in symptom burden, 
case-mix severity and pre-test probability rather than a biolog-
ical signal, highlighting the importance of accounting for clinical 
context when interpreting microbiome-based predictions.

Key strengths of this study include its large sample size 
(n=1762) nested within routine clinical practice, with consistent 
recruitment protocols across multiple NHS sites, standardised 
BSG classifications, comprehensive confounder adjustment and 
minimal missing data (0.06%–2.44%). High-resolution metage-
nomics provided greater taxonomic resolution than 16S rRNA 
methods, facilitating convergent evidence across methodologies. 
The study population’s age and sex distribution closely align 
with the UK colonoscopy population, enhancing generalisability 

to routine clinical settings. RFE revealed key confounders, 
exposing the fragility of some associations while reducing 
spurious findings.

However, several limitations should be acknowledged. The 
cohort was predominantly composed of symptomatic referrals 
(approximately 93%), with only 7% from the BCSP, largely 
due to logistical constraints in retrieving pre-bowel preparation 
samples from screening hubs. Consequently, clinical presenta-
tion, symptom severity, pre-test probability and FIT positivity 
(UK referrals are largely FIT-driven) may have influenced micro-
biome composition and neoplasia risk, making the referral 
pathway a composite confounder. These findings therefore 
primarily reflect microbiome differences in symptomatic patients 
undergoing colonoscopy rather than asymptomatic screening 
populations. Stratified analyses by referral pathway revealed 
distinct patterns, but direct comparisons between groups are 
constrained by the smaller BCSP subgroup.

The no-neoplasia control group was restricted to a subset of 
individuals with a healthy colon (no polyps), providing a clean 
baseline for mechanistic inference but potentially reducing real-
world relevance, as routine colonoscopy populations often 
include non-neoplastic polyps. There remains no consensus 
in the field on optimal control group definitions.7 32 Similarly, 
strict outcome categorisation excluded participants with mixed 
polyp profiles from subtype analyses to enhance specificity, but 
this limits generalisability to clinical practice, where mixed or 
indeterminate lesions are common. The cross-sectional design 
precludes causal inference or evaluation of temporal dynamics.

A key consideration is that faecal sampling captures the 
luminal microbiome and may not fully reflect localised microbial 
interactions at the mucosal–neoplastic interface. However, stool 
sampling aligns with potential non-invasive screening applica-
tions, whereas mucosal sampling, while valuable for mechanistic 

Figure 5  Random forest classification of high-risk neoplasia using gut microbiome species, covariates and their combination. (A–C) Receiver 
operating characteristic (ROC) curves showing the mean area under the curve (AUC) with minimum and maximum AUC values from fivefold cross-
validation. Models were trained using (A) gut microbiome species alone, (B) covariates alone, and (C) a combination of gut microbial species and 
covariates. (D–F) Top 20 features ranked by mean decrease in Gini impurity for each respective model: (D) microbiome species, (E) covariates, and (F) 
combined model. Feature importance reflects each variable’s contribution to model performance.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

b
y g

u
est

 
o

n
 M

ay 18, 2026
 

h
ttp

://g
u

t.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
6 M

arch
 2026. 

10.1136/g
u

tjn
l-2025-337478 o

n
 

G
u

t: first p
u

b
lish

ed
 as 

http://gut.bmj.com/


11Louca P, et al. Gut 2026;0:1–12. doi:10.1136/gutjnl-2025-337478

Gut microbiota

insights, lacks feasibility at scale. Self-reported dietary, medica-
tion and lifestyle data may introduce measurement error, though 
completion rates were excellent. Modest sample sizes for some 
subtypes, for example, n=28 cancer cases, may reduce statistical 
power for detecting subtype-specific associations; the absence 
of significant associations should therefore be interpreted 
cautiously, though precancerous lesions were the primary focus. 
Additionally, predictive performance models were evaluated 
using fivefold cross-validation without an independent test set 
due to the modest sample size for high-risk cases (n=207 cases) 
and matched comparators. Consequently, the reported AUCs, 
although modest, may be slightly optimistic and should be inter-
preted cautiously.

The cohort was overwhelmingly White British (97%), 
reflecting broader recruitment challenges in UK colonoscopy 
settings, where South Asian and Black communities are less 
likely to attend colonoscopy following FIT screening.33 This 
limits applicability to more ethnically diverse populations. 
Importantly, UK colonoscopy referral is largely driven by FIT 
positivity (≥10 µg)34; accordingly, our cohort is FIT-enriched, 
and any relationship between FIT status and gut microbiome 
composition could represent a potential source of confounding. 
Finally, while metagenomic analyses provide valuable insights 
into genetic potential, they do not capture true microbial func-
tion, underscoring the need for future studies integrating meta-
transcriptomic or metabolomic data.

In conclusion, these findings, together with our prior review 
(see Manning et al7), suggest weak and inconsistent microbiome 
associations with precancerous colorectal lesions, questioning 
the diagnostic value of gut microbiome profiling in precancer 
settings. This contrasts with evidence for microbial signatures 
in CRC. These observations may stem from the heterogeneity 
of precancerous lesions, the fact that many may never become 
cancerous, and that microbiome alterations may manifest closer 
to or after malignant transformation. The fact that the microbial 
signature becomes apparent when CRC develops raises the possi-
bility that the microbiome may reflect the presence of cancer 
rather than the microbiome driving the development of cancer.
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