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Supplementary Figure 2. Confirmation of the ASF strains and B. fibrisolvens by PCR.  MW, 1-kb plus 
molecular weight ladder. PCR product sizes are shown on the right and are compatible with what has 
been reported previously. The intensity of the PCR products for ASF360 and ASF457 are diminished 
because of the bromophenol blue dye front. 

MW   ASF360  ASF361 ASF457 ASF519   B. fib 

- 131 bp (ASF360)  
- 182 bp (ASF361)  

-   95 bp (ASF457)  

- 429 bp (ASF519)  

- 250 bp (B. fib)  



Low-Fiber Diet (5SRZ)         High-Fiber Diet (5SVL)       Butyrate-Fortified Diet (5AVC)

Supplementary Figure 3. Formulations of the 3 diets provided to gnotobiotic mice in these experiments. Total fiber levels
are enclosed by boxes. For the 5AVC diet (right), tributyrin was provided at the same concentration (6%) as fructo-
oligosaccharides/inulin in the high-fiber diet (5SVL, middle) and was otherwise identical and calorically matched. The
5AVC diet was fortified with tributyrin instead of butyrate because butyrate is absorbed in the upper GI tract. Tributyrin
is a triacylglycerol that consists of 3 butyrate molecules tethered together via a glycerol linkage and is more stable than
butyrate. It was used because it is not completely hydrolyzed and absorbed in the upper GI tract and significant levelsbutyrate. It was used because it is not completely hydrolyzed and absorbed in the upper GI tract and significant levels
make it to the colon where it is converted to butyrate in the colon. This has been documented by our group and others
(for example, see Donohoe et al. PLoS ONE paper cited in main part of this paper). Additional information on each diet is
available from Test Diet, and all 3 diets are commercially available from Test Diet.
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Supplementary Figure 4. A combination of a high-fiber diet and a butyrate-producing bacterium (Butyrivibrio
fibrisolvens) yields higher levels of butyrate in the lumen of the colon than either factor in isolation. Measurements
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f ) y g y
of luminal contents from the most proximal third of colons were made by LC-MS and included 4 biological
replicates for each category. Each histogram shows the mean + SE with statistically-significant differences indicated
(* p < 0.05). ASF, 4 altered Schaedler flora; B. Fib, wild-type (WT) and mutant (Mut) Butyrivibrio fibrisolvens; LFD,
low-fiber diet; HFD, high-fiber diet; TB, tributyrin-fortified diet.
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Supplementary Figure 5. Detection of β-catenin mutations in tumor cells. (a) Hematoxylin-stained slide before (top) and

Tumors
(n=19)

Tumors
(n=8)

Supplementary Figure 5. Detection of β catenin mutations in tumor cells. (a) Hematoxylin stained slide before (top) and
after (bottom) laser-capture microdissection to document the isolation of tumor cells. The region of interest is
highlighted by a green circle. (b) Representative DNA sequence chromatograms showing a segment of β catenin from
normal colonic tissue (top) and a laser-captured tumor sample (bottom) with a heterozygous point mutation (GGA-to-
GAA) at codon 34, which results in a Gly-to-Glu substitution (G34E). (c) Percentage of tumors with a detectable mutation

f β t i i t ti l h t t i th t i l d d 32 41 Th i t l t f iof β catenin in a mutational hotspot region that includes codons 32-41. The experimental group tumors were from mice
colonized with ASF plus WT B. fibrisolvens and that were also provided a high-fiber diet.



Normal Tumor 

Control Experimental 

Supplementary Figure 6. Analysis of � catenin nuclear localization in control and experimental tumors. 
Representative IHC images of β-catenin in normal colonic tissue (left panel) and colorectal tumors from 
control (middle panel) and experimental (right panel) groups. Arrows point to examples of nuclei that are 
negative (normal) or positive (tumors) for β-catenin. Experimental tumors were from mice colonized with 
ASF plus WT B. fibrisolvens and that were also provided a high-fiber diet. 10 tumors were analyzed per 
group. 
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Supplementary Figure 8. Analysis of wild-type and mutant B. fibrisolvens strains. (a) Schematic of the butyryl-CoA 
synthesis operon in the wild-type and mutant strains. Adapted from a previous publication15. The dotted line shows the 
position of the 0.8-kb deletion that ablates the crt gene in the mutant. The position of primer pairs that amplify PCR 
products specific to the wild-type and mutant strains are shown. (b) Confirmation of the wild-type (WT) and mutant 
(Mut) B. fibrisolvens strains by PCR using primers shown in panel a. MW, 1-Kb Plus molecular-weight ladder. PCR product 
sizes are shown on the right. (c) LC-MS measurements of butyrate concentrations from media of wild-type (WT) and 
mutant (Mut) strains grown in ASF media supplemented with FOS/inulin under anaerobic conditions.  Results are from 3 
independent experiments and are presented as mean + SE with significant differences noted (*, p < 0.01).  

WT       Mut        MW
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- 250 bp (WT)  
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Supplementary Figure 9. Expression of Warburg effect markers. (a) Representative IHC of LDHA in normal 
colonic tissue and colorectal tumor. (b, c) Western blot analysis of P-AKT (Ser473) (b) and P-PDH (Ser293) (c) 
levels in normal colonic tissues and colorectal tumors. Total AKT and β-actin served as loading controls. Left, 
each image is representative of 3 independent experiments. Right, each histogram shows the mean + SE with 
significant differences indicated (*p<0.05) based on 3 independent experiments.  

0.4 

0.5 

0.6 

0.7 

0.8 

0.9 

Normal Tumour 

R
el

at
iv

e 
P

-A
K

T 
Le

ve
ls

 

0.15 

0.17 

0.19 

0.21 

0.23 

0.25 

Normal Tumour 

R
el

at
iv

e 
P

-P
D

H
 

Le
ve

ls
 

a 

Tumor Normal 

LDHA 
b 

c 

Normal               Tumor 

Normal               Tumor 



����������
�	
�
����
��

"����������	
�������
��
����� 	������������� ���������
�������������	���������� �
��"����������	
����� 	���������
�����������	������������
�������
����������
��	��������������<��������������

�
������������
����<����������������������������
����
	����
�<�����������
������������	�����	��������������������������	��	����	��	 �����
	!��������	�
	����
�2"
������#9�����$<%�	�
�
��
����
��
��	�������������"����������	
�����	���������������������������������������2&+�9���
�+�&��%������������������������
�����������������
��
��	������� ���� �	������ ����	��� ��
��	������� ��������� ���
� ����������� ��������� ��	
����� 	�� ������ ����������	��� ��������� �����'����
������������	�	����
�	����(+"���!�����������������2��#��)� ���9�	�������������������������������������	
�����
���
����������2��
9���*���
����	�����+����������2#��)� ���9�	���

�
�2�	

��9����,����������<
������������2���9��������-�<�	���������
�	���	��	�	�������������	
�����
����	���������������������,�����	
��������������� 2��.��9�����
�������������
���������� 2��/9�����&+����
�+�&��%������������������������
�������2������������9��������
�	������&	���
�	����������������+����+���
���
	����'	
��2�09�	�,����������	�
	����
�������������	������0�	��	�	���
��	
�����
���
���������������
�����������������
�	������
���������������������/�219�������<#���
�	������
�����
��	����������
	�����&+��
��
�+�&��%������������������
����������	�������������
��	�������������
���������������������
��	
�����������������������������	���������
"����������	
����� �����������������
�������������������
������������� 2�2�9���������������
��0� �������������������� 	��
��������	����
�	��������	������
������<�#����������������
�������������������	��	����	��	 �����
	!��������	�
	����
�2""
�������9������/��������/3��
������� ��� ��������������� �����
������ 2)�&9� ������ ������	'�
� ��� ������ ������� 	�� ������� �����	�� ������ ��
� ������� ����
� ��� /&<45�/�
��
��	�������	�����	��������������������������	��	����	��	 �����
	!��������	�
	����
�2"�
������#6�����+������	��	 ����9������<%�	�
�
��
����
��
��	��������

)�&�����������)�&����������)�&$�������������

/�
��
��
��
�
/3

��
7�
��
���

��#�

����

��#�

�����3������
�����&�����

�����

��#�

����

"�

"�

/�
��
��
��

"�
��
��
��

�
�

�	

�
��

��
7�
��
���

���#�

�����

��-#�

��#��

���#�

3����������&�����

"�a 

Tumor 
Normal 

b 

e 

0 
1500 
3000 
4500 
6000 
7500 

FHC HCT116 

OCR Glucose 

OCR Glucose Butyrate 

OCR Glucose Butyrate 

2DG 

Glucose  
OCR 

Glucose and Butyrate 
 OCR  

Butyrate 
 OCR  

Experimental Strategy  Contribution to OCR 

c d 
FHC HCT116 

""�
"�

��
��
��

��
�	

�
��

��
�7
��
��
���

2�
2

�9
�



Control Tumor  

Experimental Tumor  

High fiber 

Experimental Tumor  

Tributyrin 

Normal Colon 

Supplementary Figure 11. Representative IHC images showing cleaved caspase 3 positive cells (arrows) in normal colonic tissue and tumors 
from mice in control and experimental conditions.  
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Supplementary Figure 12. Flow cytometric analysis of immune cell
populations from BALB/c mice colonized with the 4 ASF and B.
fibrisolvens in gnotobiotic isolators. The key within each panel
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indicates which mice were untreated (to represent basal conditions),
treated with DSS only (mice were analyzed on the last day of the
second 5-day cycle to represent an acute inflammatory stimulus) or
treated with AOM/DSS (mice were analyzed 2.5 months after being
treated with AOM following a 1 AOM/2 DSS regimen to represent
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inflammation associated with tumourigenesis). For AOM/DSS,
control and experimental groups were analyzed separately as
indicated. Histograms show means + SE, and 4-8 mice were analyzed
for each of the 4 groups of mice in panels a-e. (a) Relative abundance
of hematopoietic cells in spleens and colons based on cell-surface
expression of LCA (leukocyte common antigen) (b c) Relativeexpression of LCA (leukocyte common antigen). (b-c) Relative
abundance of specific hematopoietic lineages in spleen (b) and colon
(c). B220, B cells; CD4+, T helper (Th) cells; CD8+, cytotoxic T cells;
Mac1+, macrophages; Gr1+, granulocytes; CD4+/CD25+/Foxp3+,
regulatory T cells (Tregs).
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Supplementary Figure 12 (continued). (d-e) Percentage of lymphocytes that express the CD69 activation marker in spleens (d) and colons (e).

Overall, these results indicate that the abundance of immune cells in the colon is relatively low in the gnotobiotic model even when they are
treated with DSS or AOM/DSS (a). SPF mice treated with DSS have been shown to have a much greater induction of immune cell populations
in the colon16-21 (PMIDs: 20467900, 23012474, 21815907, 21498668, 22089030, 18381351). This supports the idea that the 4 ASF bacteria
and B. fibrisolvens are unable to induce a strong inflammatory response compared to the diverse microbiota in conventional, SPF mice. The
slight elevation in immune cells in the colon of AOM/DSS experimentals (colonized with B. fibrisolvens and provided a HFD) (a) is compatible
with a slight increase in crypt abscesses undergoing apoptosis in this same group of mice based on H&E analyses (Supplementary Figure 12).
In addition, the lymphocyte populations in the colon are not activated to a greater extent based on CD69 status (e), and this is consistent with
cytokine levels not being elevated (Supplementary Figures 11). Finally, even in response to DSS treatment, bloody stool and rectal prolapses

t b d i th t bi ti i (d t t h ) hi h i ti l SPF i t t d ith DSS d i t t lwere not observed in the gnotobiotic mice (data not shown), which occurs in conventional SPF mice treated with DSS and is an overt, external
sign of colonic inflammation.



Supplementary Figure 13. Serum and colonic cytokine levels (pg/mL) from BALB/c mice colonized with the 4 ASF and B. fibrisolvens in gnotobiotic isolators based on Luminex assays. Mice 
were untreated (to represent basal conditions), treated with DSS only (mice were analyzed on the last day of the second 5-day cycle to represent an acute inflammatory stimulus) or treated 
with AOM/DSS (mice were analyzed 2.5 months after being treated with AOM following 1 AOM/2 DSS regimen to represent inflammation associated with tumourigenesis). For AOM/DSS, 
control (C) and experimental (E) groups were analyzed separately as indicated. Histograms show mean + SE, and 4-8 mice were analyzed for each of the 4 groups of mice.  

Overall, these results indicate that cytokine levels are only modestly affected by DSS or AOM/DSS treatment (compared to untreated) in this gnotobiotic model as compared to previous 
studies of SPF mouse models (PMID: 22665990). These data also support the idea that the observed difference in tumorigenesis between the experimental and control groups is not due to 
differences in inflammation. For example, there are very few differences between colonic C and E values, and the few observed differences are subtle with different directionalities (and the 
opposing directionalities do not correspond to differences in pro-inflammatory versus immunosuppressive cytokines). These findings are consistent with the flow cytometry  and H&E data 
(Supplemental Figures 10 and 12, respectively), which also suggest that inflammation is not a significant factor in this gnotobiotic model.  
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Supplementary Figure 14. Minimal inflammation based on histologic assessment of H&E-stained sections of colorectal tumor sections from 7-10 mice of each
treatment group 5 months after exposure to the 5 AOM/3 DSS regimen. (a) Mucosal inflammation with key and definitions shown at right. Histograms show
the mean + SE n s not significant (b) Erosion/ulceration values were zero for all 34 specimen in the 4 different treatment groups Erosion refers to a defect in
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Group

the mean + SE. n.s., not significant. (b) Erosion/ulceration values were zero for all 34 specimen in the 4 different treatment groups. Erosion refers to a defect in
the mucosa (epithelium, lamina propria, muscularis mucosae) with an underlying tissue reaction. It does not refer to erosion on the top of tumors as this
would be likely due to trauma in the colonic lumen due to the bulk of the mass rather than a primary erosive/ulcerative process. Ulceration refers to a defect
that penetrates the entire mucosal layer (mucosal epithelium, lamina propria, and muscularis mucosa). (c) Mucosal thickening values were zero for all 34
specimen in the 4 different treatment groups. Mucosal thickening refers to enough inflammatory cells infiltrating and aggregating to thicken the mucosa and
cause significant increased separation between adjacent crypts. It does not refer to the typical thickening of the mucosa in dysplastic areas of tumors.



Supplementary Figure 15. Control experiment demonstrating that inflammation plays a minor role in colorectal
tumorigenesis in the gnotobiotic model where BALB/c mice were polyassociated with 4 ASF plus B. fibrisolvens and
then treated with AOM/DSS. Left, 1 tumor (arrow) is present in a splayed-open colon from a polyassociated mouse
that received 1 AOM/2 DSS while maintained in a gnotobiotic isolator for the entire experiment. Right, Many tumors
are present in a splayed-open colon from an identical polyassociated mouse that received 1 AOM injection in the

bi i i l b b l d ifi h f (SPF) f ili h i bsame gnotobiotic isolator but was subsequently moved to a specific pathogen free (SPF) facility where it became
conventionalized with a complete, albeit undefined, microbiota. This conventionalized mouse received the same 2
DSS regimen and diet in the SPF facility and was necropsied at the same time (5 months after the AOM injection), but
exhibited much greater colonic inflammation and a >10X increase in tumor burden. This stark difference was
consistently observed in 3 pairs of mice and suggests that the ASF and B. fibrisolvens are unable to initiate a robust
inflammatory response following DSS treatment which restricts tumorigenic potential In contrast the completeinflammatory response following DSS treatment, which restricts tumorigenic potential. In contrast, the complete
microbiota in conventionalized mice trigger a strong inflammatory response following DSS treatment (which breaks
down the barrier function of the gut and brings microbiota from the lumen in close physical proximity with immune
cells from the lamina propria) and greatly exacerbates AOM-induced tumorigenesis.
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Supplementary Figure 16. Relative Il18 mRNA levels normalized to Gapdh levels in normal colonic tissue and tumors 
based on RT-qPCR experiments. Each histogram shows the mean + SE for 3 independent experiments.   



Supplementary Table 1. Luminal Concentrations (�M) of Other Two Major SCFAs (Propionate 
and Acetate))

Microbiota (4 ASF + B. fib): (-) B. fibrisolvens (+) B. fibrisolvens

Diet: Low fiber High fiber Low fiber High fiber

Propionate 963 ± 63 3433.4 ± 2427.8 3290.2 ± 2326.5 2400 ± 400.1Propionate 963 ± 63 3433.4 ± 2427.8 3290.2 ± 2326.5 2400 ± 400.1

Acetate 7326 ± 1494 25668 ± 20529 35541 ± 5247 28199 ± 9180

Numbers refer to mean + SE based on n = 3 biological replicates (separate animals)



Supplementary Table 2. Clinical Information Regarding Human Adenocarcinomas

Patient # Tissue Procurement Facility Gender Age Tumor Stage Tumor Position*

1 UNC Female 62 2

2 UNC Male 67 2

3 UNC Male 83 2

4 UNC Female 58 2

5 UNC Male 77 2

6 CSU Male 67 2 Ascending 
colon

7 CSU Male 47 1 Sigmoid colon

8 CSU Male 86 T3 Ascending 
colon

9 CSU Male 74 T3 Sigmoid colon

10 CSU Female 55 Tis (carcinoma in situ: 
intraepithelial or invasion of 

lamina propria)

Sigmoid colon

11 CSU Male 76 T3 Ascending 
lcolon

*Each adenocarcinoma sample had a macroscopically normal mucosal sample that served as a control; the normal samples were 4-6 cm away   
from the adenocarcinomas for the UNC tissue procurement facility. 
*Blank fields are due to information not provided by tissue procurement facility. 
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Figure Outcome Type Statistical Test 

1A Tumor Multiplicity Parametric ANOVA/Tukey  

1B Tumor Size Parametric ANOVA/Tukey 

1C Tumor Grade Non-
parametric 

Kruskal-Wallis 

2B Relative LDHA Levels Parametric Two-tailed t test 
 

2E Butyrate Measurements Parametric ANOVA/Tukey 

2H Relative H3 Acetylation Levels Parametric 
 

ANOVA/Tukey 
 

2I HDAC Activity Levels Parametric ANOVA/Tukey 

3A,C,E Relative H3ac Levels Parametric 
 

ANOVA/Tukey 
 

3B,D,F Relative mRNA Levels Parametric 
 

ANOVA/Tukey 
 

3G Cleaved Caspase-3 Quantification Non-
parametric 

Kruskal-Wallis 

3H Relative Ki-67 Levels Non-
parametric 

Kruskal-Wallis 

4A Butyrate Measurements Parametric 
 

Two-tailed t test 
 

4D Relative H3 Acetylation  Parametric 
 

Two-tailed t test 
 
 

S4 Butyrate Measurements Parametric 
 

ANOVA/Tukey 
 

SF8 Butyrate Measurements Parametric 
 

Two-tailed t test 
 

SF9 Relative P-PDH and P-AKT 
(WB) 

Parametric 
 

Two-tailed t test 
 



SF10a,d Butyrate Oxidation Measurements Parametric 
 

Two-tailed t test 
 

SF10E Relative MCT expression (RT-
qPCR)  

Parametric 
 

ANOVA/Tukey 
 

SF12 Flow Cytometry Data Parametric 
 

ANOVA/Tukey 
 

SF14 Histological Scoring Non-
parametric 

Kruskal-Wallis 

SF16 Relative IL18 expression (RT-
qPCR) 

Parametric 
 

ANOVA/Tukey 
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