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Extended Data Fig. 3 | Phylogenetic trees of Fusobacterium nucleatum 
SGBs and CRC-associated species. A) The left-most phylogenetic tree shows 
the relationships between F. nucleatum SGBs and previously characterized 
F. nucleatum subspecies. Each leaf represents either an isolated genome 
(circle) or a metagenome-assembled genome (MAG, reported as a triangle), 
as available in the Jun23 release of the MetaPhlAn 4 database. The color of the 
leaf corresponds to the assigned SGB. Phylogenies were reconstructed using 
PhyloPhlAn 3. The correspondence between F. nucleatum SGBs and F. nucleatum 
subspecies is the following: subspecies hwasookii corresponds to SGB5997, 
subspecies polymorphum to SGB6001, subspecies animalis to SGB6007 
(previously Fna C2, in 26), subspecies nucleatum to SGB6011 (Fusobacterium 

nucleatum sensu stricto), subspecies vincentii to both SGB6013 (previously 
Fna C1, in 26) and SGB6014, Fusobacterium simiae to SGB6018 and subspecies 
polymorphum to SGB101482. The right-most tree reports in addition the body 
site of origin from which the genomes were reconstructed. B) Phylogenetic 
reconstruction via PhyloPhlAn 3 of isolate and MAGs either derived from oral, 
stool, or unknown body site for Fusobacterium nucleatum SGB6007 (F. nucleatum 
subspecies animalis), Veillonella atypica SGB6936, Veillonella rogosae SGB6956, 
Veillonella dispar SGB6952, Streptococcus mutans SGB8000, and Streptococcus 
parasanguinis SGB8071. SGBs with ELPD > 8 from the PGLMM with body-site of 
origin as target variable are marked with an asterisk.
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Extended Data Fig. 4 | Correlation of the machine learning average ranks 
and the meta-analysis effect sizes of species in the comparisons of the study. 
Correlation of the effect sizes estimated via meta-analysis (Hedges’ g SMD values, 
on the x-axis) with the average ranked feature importance derived from the 
machine learning (LODO, on the y-axis). Significant SGBs detected via the meta-
analysis for the comparisons tested in the manuscript (controls vs CRC, early 
stages CRC vs late stages CRC, non-metastatic vs stage IV CRC and right-sided vs 

left-sided CRC) are in black (q < 0.1) and red (P < 0.01). The comparison controls 
vs CRC showed the highest Spearman’s correlation coefficient (0.41), with 
right-CRC vs left-CRC Spearman’s correlation coefficient of 0.21. This confirms 
the stronger biomarkers obtained by these comparisons, while the comparisons 
on stages presented non-significant correlation coefficients (Spearman’s 
correlation coefficient of 0.06 and 0.05 for early-stages vs late-stages and non-
metastatic vs metastatic CRC, respectively).
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Extended Data Fig. 5 | Differential abundance analysis between tongue dorsum 
and dental plaque of CRC associated oral species in the gut and validation of 
the CRC biomarkers in patients with in situ or resected primary tumors. A) 
Differential abundant oral SGBs in the signature of CRC between the oral plaque 
and tongue dorsum in the Human Microbiome Project (HMP) study. We selected 
86 participants of the HMP study with matched microbiome samples for the two 
oral cavity sites. Differential abundance analysis was performed via Wilcoxon 

signed-rank test and adjusted p-values (q) were computed via Benjamini-
Hochberg (BH) correction. q < 0.001 is indicated with ‘***’. log2 fold-change (FC) 
between average relative abundances (RA) in the two sites is reported in the 
heatmap. Positive values of the RA log2 FC indicate increased relative abundance 
in the plaque, while negative in the tongue dorsum subsite. B-D) Validation of the 
machine learning and CRC gut microbiome signature between patients with in 
situ or resected primary tumor in the AtezoTRIBE study.
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Extended Data Fig. 6 | Microbial pathways strongest associated either with 
CRC or controls. Differentially abundant microbial pathways (meta-analysis 
model q < 0.1) between controls and CRC. Associations with CRC present Hedges’ 

g SMD > 0, and associations with controls present Hedges’ g SMD < 0. Significant 
single-dataset comparison (q < 0.1) is reported in dark gray, while non-significant 
single-dataset associations (q ≥ 0.1) is in lighter gray.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-025-03693-9

Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Associations of sulfur-related and histidine related 
pathways with CRC, tumor stages and primary tumor location. A) Meta-
analysis of sulfur-related pathways for controls vs CRC. Hedges’ g meta-analysis 
SMD and 95% confidence intervals are reported in the first plot. Significance 
level is indicated via a color gradient. P-values have been adjusted via Benjamini-
Hochberg procedure for controlling FDR. Single cohort effect size levels are 
reported in the heatmap, ranging from dark blue for SMD = −1.5 to dark red 
for SMD = 1.5. Mean difference in abundance with species contribution for 
each pathway is reported in the stacked barplot on the right. B-C) Overview of 
histidine-related microbiome pathways and their associations with CRC, staging 
and primary tumor location. B) Meta-analysis of histidine-related pathways 

for controls vs CRC, early CRC (Stages 0-II) vs late CRC (Stages III-IV), non-
metastatic CRC (Stages 0-III) vs metastatic CRC (Stage IV), and right-sided CRC 
and left-sided CRC. Hedges’ g meta-analysis SMD and 95% confidence intervals 
are reported in the first plot. Significance level is indicated via a color gradient. 
P-values have been adjusted via Benjamini-Hochberg procedure for controlling 
FDR. Single cohort effect size levels are reported in the heatmap, ranging from 
dark blue for SMD = −1.5 to dark red for SMD = 1.5. Mean difference in abundance 
with species contribution for each pathway is reported in the stacked barplot on 
the right. C) Visual representation of the biochemical mechanisms that lead to 
L-glutamate production from L-histidine, with the production as a side product 
of ammonium.
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Extended Data Fig. 8 | Microbial pathways that are differentially abundant in 
meta-analysis between early- vs late CRC and non-metastatic vs metastatic 
CRC. A) Differentially abundant microbial pathways (meta-analysis model 
P < 0.01) between early (stages 0-II) and late (stages III-IV) CRC. Associations with 
CRC Stage III-IV present Hedges’ g SMD > 0, and associations with CRC Stages 
0-II present Hedges’ SMD < 0. Significant single-dataset comparison (P < 0.01) is 
reported in dark gray, while non-significant single-dataset associations (P ≥ 0.01) 

is in lighter gray. B) Differentially abundant microbial pathways (meta-analysis 
model q < 0.1) between non-metastatic (stages 0-III) and metastatic (stage IV) 
CRC. Associations with stage IV present SMD > 0, and associations with CRC 
Stages 0-III present SMD < 0. Significant single-dataset comparison (q < 0.1) is 
marked in dark gray, while non-significant single-dataset associations (q ≥ 0.1) 
are in lighter gray.
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Extended Data Fig. 9 | SGBs strongest associated either with CRC or controls 
present different relative abundance changes along CRC stages. Each line-plot 
represents the trends of an SGB in adenoma and the different stages of CRC in 
relation to controls’ abundances. Each point in the line is the coefficient from the 
linear mixed model (MaAsLin2) run to determine the association for each SGB 

and the different stages. Non-significant coefficients (q ≥ 0.1) are reported with 
a violet circle, while significant coefficients (either positive or negative, q < 0.1) 
are reported as a brown diamond. The x-axis of each line plot indicate the control, 
adenoma or stage: C for control, A for adenoma; 0 for CRC Stage 0; I for CRC 
Stage I; II for CRC Stage II; III for CRC Stage III; IV for CRC Stage IV.
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Extended Data Fig. 10 | Microbial pathways that are differentially abundant 
between right-sided and left-sided CRC. Differentially abundant microbial 
pathways (meta-analysis model P < 0.01) between right-sided and left-sided 
CRC. Pathways associated with right-sided CRC present SMD < 0, and pathways 

associated with left-sided CRC present SMD > 0. Significant single-dataset 
comparisons (P < 0.01) are marked in dark gray, while non-significant single-
dataset associations (P ≥ 0.01) are in lighter gray.
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