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Abstract
Background  Aspects of the gut microbiome, including presence of specific bacterial species and overall community struc-
ture, have been linked to the etiology and prognosis of colorectal cancer (CRC). Less is known about the epidemiologic risk 
factors that are associated with the composition of the microbiota in invasive colorectal tumors.
Methods  Using tumor and paired normal colorectal tissue samples from a subset of participants in the population-based 
Seattle Colon Cancer Family Registry, we compared the presence of Fusobacterium nucleatum (F. nucleatum) (n = 898) 
measured via droplet digital PCR and alpha diversity (Shannon index) (n = 611) measured via 16S rRNA gene sequencing 
in colorectal tissue across demographics, health behaviors, and neighborhood socioeconomic status (nSES).
Results  Normalized counts of F. nucleatum were consistently higher in tumor tissue than in patient-matched normal tissue 
across all risk factors, while alpha diversity was lower. Female sex was associated with high presence and enrichment of F. 
nucleatum in tumor tissue (odds ratio [OR] 1.61; 95% confidence interval [CI] 1.02, 2.54 and OR 1.58, 95% CI 1.10, 2.27, 
respectively). Relative to those aged 40–49 years, the youngest age group (< 40 years) had lower alpha diversity in tumor 
tissue (OR for highest vs. lowest tertile: 0.33; 95% 0.13, 0.83). Other factors, including diet, were not related to F. nucleatum 
presence or tumor tissue alpha diversity.
Conclusion  By uncovering epidemiologic risk factors for F. nucleatum presence and bacterial diversity in the intratumoral 
microbiota, this work informs our understanding of associations of the gut microbiota with CRC etiology and outcomes.

Keywords  Intratumoral microbiome · Fusobacterium · 16S rRNA gene sequencing · Bacterial diversity · CRC​ · SCCFR · 
Diet · Physical activity · Socioeconomic status · ddPCR
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Introduction

Colorectal cancer (CRC) [1, 2], the third most commonly 
diagnosed cancer and the second leading cause of cancer-
related mortality [3], is a multi-factorial disease. CRC etiol-
ogy is influenced by a combination of genetic, demographic, 
behavioral, and environmental factors. In addition to estab-
lished risk factors, like diet and physical inactivity [4], char-
acteristics of the gut microbiome are increasingly recog-
nized to play a role in CRC development and progression. 
In particular, presence of bacterial species Fusobacterium 
nucleatum (F. nucleatum) in the gut microbiota has been 
implicated in CRC etiology, [5–9] and the presence of these 
bacteria in the intratumoral microbiota has been associated 
with CRC survival [8]. Biologic mechanisms underlying 
these associations involve expression of transcription fac-
tors, oncogenes, and inflammatory genes, and modulation 
of the tumor immune microenvironment [10, 11].

In addition to the presence and abundance of specific bac-
teria (e.g., F. nucleatum), the overall community structure 
of the gut microbiota and the intratumoral microbiota spe-
cifically may also have a role in CRC. A small number of 
studies have indicated that gut microbial diversity is lower 
in individuals with adenomas than in healthy controls and 
is lowest in CRC patients [1, 12, 13].

Emerging research is aimed at evaluating a potential link 
between established risk factors for CRC and the tumor-
associated microbiota. One area of work has focused on diet 
as a potential predictor of F. nucleatum presence in the gut, 
where studies have suggested that inflammatory diets are 
associated with higher risk of F. nucleatum-positive colorec-
tal tumors [14] and fiber-rich diets are associated with lower 
risk of F. nucleatum-positive colorectal tumors [15]. Other 
work has explored the relationship between age at CRC diag-
nosis and bacterial diversity, suggesting that tumor bacterial 
diversity differs across young-onset (< 50 years) and average 
onset cancers and stage of diagnosis, although the direction 
of the relationship is disputed [16, 17].

Given that aspects of the intratumoral microbiota are 
associated with CRC etiology and poorer CRC survival, it 
is important to identify epidemiologic risk factors that are 
associated with composition of the intratumoral microbiota. 
However, beyond diet and age, other epidemiologic risk fac-
tors have scarcely been considered in relation to either the 
presence of specific bacterial species or the overall bacterial 
diversity in the tumor microbiota.

Using data from a large, population-based study, we 
examined the relationships of several established epidemio-
logic risk factors for CRC with F. nucleatum presence and 
enrichment and with bacterial alpha diversity in CRC tissue.

Methods

Study Population

The Puget Sound Colorectal Cancer Cohort (PSCCC) is 
primarily comprised of study participants from the Seattle 
site of the Colon Cancer Family Registry (SCCFR) [18] and 
includes a subset of additional participants from a parallel 
extension study [19] as previously described. Participants 
for both studies included in this analysis from the PSCCC 
were identified through the Surveillance, Epidemiology, 
and End Results (SEER) cancer registry serving the Seat-
tle-Puget Sound region. For the SCCFR, we enrolled study 
participants who were diagnosed with incident invasive CRC 
between 1998 and 2007 while residing in western Wash-
ington State; in Phase I (1998–2002), we enrolled those 
who were diagnosed at ages 20–74 years while residing 
in a three county region, and in Phase II (2002–2007) we 
restricted enrollment to those diagnosed at ages 18–49 years 
but expanded to a 13-county catchment area. Enrollment for 
the extension study included individuals of female sex who 
were diagnosed with incident invasive CRC between 1998 
and 2002 while residing in the broader 13-county region. 
Inclusion in the PSCCC was limited to English-speakers 
with available telephone numbers who completed a base-
line epidemiologic questionnaire. This baseline question-
naire included information regarding demographic factors, 
as well as a range of factors relating to lifestyle, medical his-
tory, and family history of cancer. The present analysis was 
further restricted to individuals for whom microbial DNA 
could be extracted from matched diagnostic tumor and nor-
mal colorectal tissue for analyses of F. nucleatum (n = 898) 
and 16S rRNA gene sequencing for alpha diversity (n = 611) 
(Supplementary Fig. 1).

All study participants included in the present analysis 
provided informed consent for the collection and analysis 
of their study materials. This study was approved by the 
Institutional Review Board of the Fred Hutchinson Cancer 
Center (IR#8650).

Exposures: epidemiologic risk factors

We examined several established epidemiologic CRC risk 
factors as exposures in relation to microbial characteris-
tics, including demographic factors, health behaviors and 
personal history, and neighborhood socioeconomic status 
(nSES). Study variables were parametrized as shown in 
Table 1.

Information on demographic factors was available from 
SEER records (i.e., age at diagnosis, sex) and via self-
report on a study baseline questionnaire (i.e., race, educa-
tion). Health behaviors and personal history exposures were 
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also ascertained from a baseline questionnaire and included 
variables for the self-reported intake of vegetables, fruit, 
red meat, and alcohol, cigarette use, physical activity, non-
steroidal anti-inflammatory drug (NSAID) use, CRC family 
history, and body mass index (BMI). The study question-
naire was completed by telephone interview and partici-
pants were asked about average dietary intake from a time 
approximately two years prior to CRC diagnosis. For veg-
etables and fruits, intake was categorized as < 1 serving per 
day (low), 1 serving per day (medium), and > 1 than one 
serving per day (high), based on the observed distribution 
of participant responses. Red meat intake was categorized 
into tertiles: < 0.28 servings/day (low), 0.28–0.57 servings/
day (medium), and > 0.57 servings/day (high). We used the 
most recent decade of life to categorize alcohol intake, and 
categories were no drinks per week (none), 1–6 drink(s) per 
week (medium), and ≥ 7 drinks per week (high).

During the interview, participants were also asked to 
self-report detailed information on their recreational physi-
cal activity during defined age periods prior to diagnosis: 
ages 20–29, 30–49, and 50 + years [20]. Questions covered 
different modes of activities (e.g., walking, jogging, running, 
bicycling, swimming, soccer, tennis, basketball, calisthen-
ics), and the usual duration and frequency of each activity. 
Evaluation was limited to activities in which the patients 
were engaged for at least 30 min per week, for at least 3 
continuous months. Standard metabolic equivalent of task 
score (METS) values were assigned to each activity [21] 
and multiplied by the number of hours per week engaged 
in that activity to derive METS-hours per week (METS-h/
week). Physical activity during the age period of a partici-
pant’s CRC diagnosis (i.e., 20–29, 30–49, or 50 + years) was 
then summarized as average METS-h/week. For the present 
analysis, we categorized this variable as < 10 (low), 10–50 
(medium), and > 50 METS-h/week (high). Cigarette smok-
ing history and regular use of non-steroidal anti-inflamma-
tory drugs (NSAIDs) use were categorized as ever or never.

nSES was assessed on the Census Block Group level 
using participant’s residential address at CRC diagnosis as 
previously described [22]. Briefly, nSES was assessed as a 
composite variable using six data elements from the 5-year 
American Community Survey data estimates: median 
household income, median housing unit value, percentage 
of households earning income from investments, percent-
age of persons aged ≥ 25 years who have completed high 
school, percentage of persons aged ≥ 25 years who have 
completed a college degree, and percentage of persons 
aged ≥ 16 years in a managerial or professional occupa-
tion. Each element was z-transformed and then summed 
resulting in a composite score that ranged from -15 to 15 
and was divided into quartiles: [-15,-3.29], (-3.29,0.0697], 
(0.0697,3.72], and (3.72,15]. In the composite variable, 
lower scores indicated lower nSES.

Study outcomes: F. nucleatum enrichment 
and presence and tumor tissue alpha diversity

Tissue collection and bacterial DNA extraction

Formalin-fixed paraffin-embedded (FFPE) diagnostic tumor 
tissue specimens were obtained from treating institutions for 
consenting study participants, as were FFPE tissue speci-
mens from paired normal colorectal tissues from the same 
patient. Tissue samples were all processed into FFPE blocks 
shortly following diagnosis at time of procedure (biopsy or 
resection) by treating institutions and were procured by the 
CCFR shortly after, following completion of the baseline 
questionnaire and receipt of signed informed consent for 
tissue collection (1998–2007). FFPE blocks were sectioned 
primarily at Fred Hutch and stored as slides (typical thick-
ness of 5 or 7 microns but ranging from 4 to 10 microns) 
or scrolls in tubes (10 microns). Many institutions did not 
request their blocks returned, and the CCFR retained those 
blocks for long-term storage and recuts. For the present 
study, FFPE were both newly cut, and some stored tis-
sues were used. If we did not have sufficient tissue stored 
as slides, we made fresh sections from stored blocks. The 
CCFR has tissue stored both as curls/scrolls in tubes and 
as unstained slides. For this study, we only used colorec-
tal tumor tissue from slides so we could macrodissect, as 
needed. For paired normal tissues, we sectioned freshly cut 
tissue into tubes (10 microns) since those did not need to be 
macrodissected. Thickness of stored slides were generally 
4–10 (typically 5 or 7) microns thick; fresh cuts were always 
7 microns thick. We used a variety of thicknesses and tissue 
both from freshly cut blocks and tissue stored on slides. As 
described in detail elsewhere [23] a separate DNA extraction 
process was utilized for the extraction of bacterial DNA, 
which we optimized for use with FFPE tissue.

Targeted assay for F. nucleatum

We employed a droplet digital PCR (ddPCR) assay to 
determine the presence and extent of F. nucleatum in 
these tissues [23] Specifically, we used multiplex ddPCR 
designed to quantify F. nucleatum and host genomic 
DNA using primers and probes specific to the nusG gene 
F. nucleatum and the eukaryotic housekeeping gene 
SLCOA2A1 [6].This allowed us to normalize counts of F. 
nucleatum by levels of the eukaryotic housekeeping gene 
in that tissue type (i.e., F. nucleatum count divided by 
SLCO2A1 count).
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F. nucleatum presence and enrichment

Capturing both the presence and extent of F. nucleatum in 
both colorectal tumor tissue and paired normal colorectal 
tissue from the same study participant allowed us to define 
F. nucleatum status based not only on the presence of this 
bacterium in tumor tissue but also on the extent to which 
this bacterium was specifically enriched in tumor tissue rela-
tive to paired normal tissue [24]. Thus, we considered two 
operationalizations of F. nucleatum status: enrichment and 
presence. Enrichment was calculated as the continuous dif-
ference in normalized F. nucleatum counts in tumor vs. in 
matched normal tissue (where positive values indicated that 
the normalized count of F. nucleatum in tumor was higher 
than that in matched normal tissue). Counts were zero in 
both tumor and normal tissues or the same in both tissues 
for about 75% of participants so we categorized this variable 
into three groups for analyses: no difference, tumor > nor-
mal, and normal > tumor.

F. nucleatum presence in tumor was classified categori-
cally as not present (0 counts detected), low (normalized F. 
nucleatum counts in tumor > 0 but less than the median level 
among those positive for F. nucleatum), or high (normalized 
F. nucleatum counts in tumor greater than or equal to the 
median), without regard to F. nucleatum status in matched 
normal tissue.

16S rRNA gene sequencing and bioinformatic processing

Polymerase chain reaction (PCR) was performed using 16S 
rRNA gene V4 primers. Samples were processed in USE-
ARCH-UNOISE3 (usearchv11.0.667_i86linux64) [25, 26] 
and QIIME 2 [27] Amplicon sequencing variants (ASVs) 
were filtered by abundance (with a threshold of 1e-5) as 
suggested by Prodan et  al., 2020 [28]. Taxonomy was 
assigned using the classify-sklearn module in QIIME2 with 
the SILVA 138 taxonomy [29] Phylogeny was constructed 
using the align-to-tree-mafft-fasttree command in QIIME2. 
This used MAFFT [30] and fasttree2 [31]. Samples were 
decontaminated with SCRuB v0.0.1 [32] ASVs were further 
filtered by applying a level of detection filter at the genus 
level, with a threshold set to 0.0009. We reviewed the genera 
lists generated based on 1) passing the limit of detection 
(LOD) levels (n = 136) and 2) the subset that passed limit of 
quantitation (LOQ) (n = 60). Evaluation was based on cur-
rent literature specifically on contaminants in low biomass 
samples [33] while also considering possible colon tumor 
pathogens found via a method less prone to contaminant 
issues [34]. Genera considered contaminants were marked 
for exclusion (n = 23). Genera that passed only the LOD 
level but have been found by others to be present in colon 
tumors were added to the genera to keep (n = 11) [33, 34]. 
The total number of genera kept for analysis was 48.

Tumor tissue alpha diversity

Alpha diversity was assessed using the Shannon index [35]. 
We assessed alpha diversity in tumor tissue categorized 
according to tertiles (low: 0.003–2.59, medium: 2.59–3.42, 
high: 3.42–5.89). In supplementary analyses, we also exam-
ined tumor tissue alpha diversity continuously and alpha 
diversity in paired normal colorectal tissue.

Statistical analysis

We conducted regression analyses to examine the associa-
tions of epidemiologic risk factors with F. nucleatum enrich-
ment or presence and with tumor tissue alpha diversity. 
Multinomial logistic regression models were fit separately 
for 1) demographics; 2) health behaviors and personal his-
tory; and 3) nSES. The reference outcomes in multinomial 
logistic regression models were “no difference in counts 
between tumor and normal tissue” in enrichment models 
and “not present” in presence models. Analyses for demo-
graphic and behavioral risk factors were adjusted for all 
other demographic and behavioral risk factors, respectively. 
Health behavior and nSES models were also adjusted for age 
and sex. Data missingness was highest for alcohol intake 
(30%), physical activity (27%), and nSES (25%). Missing-
ness across other variables ranged from 0 to 12%. Multiple 
imputation was used to account for missingness in all epide-
miologic risk factors [36, 37]. Iterative rounds of imputation 
(n = 100) were performed using the Amelia II package [38] 
in R version 4.1.2.28. Imputation models included all demo-
graphic and behavioral risk factors, diagnosis year, and time 
from diagnosis to enrollment into the PSCCC.

Results

F. nucleatum enrichment and presence

Descriptions of participants, counts of F. nucleatum in tumor 
and patient-matched normal tissue, and F. nucleatum enrich-
ment data are shown in Table 1. Normalized counts of F. 
nucleatum were consistently lower in normal tissue than in 
tumor tissue across all epidemiologic risk factors. Normal-
ized F. nucleatum counts in normal tissue ranged from 0.001 
to 0.006, whereas normalized counts in tumor tissue ranged 
between 0.02 and 0.06. F. nucleatum counts were greater in 
tumor than normal tissues for 18.4% of samples and greater 
in normal vs. tumor tissues for 7.6% of samples.

Female sex was associated with F. nucleatum enrichment 
in tumor tissue relative to normal tissue (odds ratio [OR] 
1.58, 95% confidence interval [CI] 1.10, 2.27) (Table 2). 
Female sex was also associated with both low and high pres-
ence of F. nucleatum in CRC tissue relative to the absence 



Cancer Causes & Control           (2026) 37:45 	 Page 5 of 15     45 

Table 1   Normalized F. 
nucleatum counts in tumor and 
paired normal colorectal tissue 
according to epidemiologic 
risk factors for CRC patients 
(n = 898)

F. nucleatum counts1

Epidemiologic risk factors N (%) Normal tissue2

Mean (SD)
Tumor tissue
Mean (SD)

Enrichment3
Mean (SD)

Total 898 (100%) 0.003 (0.027) 0.032 (0.242) 0.029 (0.243)
Sex
Male 402 (45%) 0.002 (0.017) 0.022 (0.160) 0.020 (0.161)
Female 496 (55%) 0.004 (0.033) 0.041 (0.292) 0.037 (0.294)
Age (years)
 < 40 72 (8.0%) 0.002 (0.007) 0.021 (0.072) 0.019 (0.072)
40–49 220 (24%) 0.001 (0.009) 0.017 (0.105) 0.016 (0.103)
50–59 174 (19%) 0.004 (0.046) 0.022 (0.152) 0.017 (0.156)
60–69 275 (31%) 0.004 (0.021) 0.044 (0.328) 0.040 (0.327)
70–74 157 (17%) 0.006 (0.031) 0.052 (0.324) 0.047 (0.328)
Race4

White 790 (88%) 0.003 (0.027) 0.034 (0.253) 0.030 (0.254)
Non-White 107 (12%) 0.004 (0.026) 0.026 (0.140) 0.022 (0.142)
Missing 1
Education
Less than high school 69 (8.7%) 0.010 (0.074) 0.015 (0.055) 0.005 (0.081)
High school 192 (24%) 0.004 (0.018) 0.065 (0.431) 0.062 (0.433)
Vocational/technical/some college 271 (34%) 0.003 (0.023) 0.017 (0.080) 0.014 (0.082)
College or higher 260 (33%) 0.001 (0.009) 0.036 (0.238) 0.034 (0.235)
Missing 106
Vegetable intake5

High 325 (37%) 0.003 (0.017) 0.040 (0.236) 0.037 (0.235)
Medium 340 (38%) 0.005 (0.039) 0.017 (0.098) 0.012 (0.102)
Low 225 (25%) 0.002 (0.016) 0.046 (0.374) 0.044 (0.375)
Missing 8
Fruit intake5

High 275 (31%) 0.003 (0.019) 0.035 (0.237) 0.032 (0.237)
Medium 251 (29%) 0.001 (0.004) 0.048 (0.351) 0.047 (0.351)
Low 353 (40%) 0.005 (0.037) 0.021 (0.134) 0.016 (0.137)
Missing 19
Red meat intake5

Low 161 (19%) 0.006 (0.049) 0.014 (0.057) 0.008 (0.066)
Medium 361 (42%) 0.004 (0.024) 0.026 (0.154) 0.022 (0.156)
High 333 (39%) 0.002 (0.015) 0.039 (0.311) 0.037 (0.311)
Missing 43
Alcohol Intake5

None 421 (67%) 0.003 (0.033) 0.030 (0.207) 0.026 (0.209)
Medium 105 (17%) 0.004 (0.016) 0.027 (0.142) 0.024 (0.134)
High 98 (16%) 0.001 (0.009) 0.077 (0.518) 0.076 (0.518)
Missing 274
Physical activity6

Low 478 (73%) 0.002 (0.014) 0.030 (0.264) 0.029 (0.264)
Medium 143 (22%) 0.007 (0.052) 0.066 (0.349) 0.059 (0.352)
High 31 (4.8%) 0.009 (0.038) 0.009 (0.030) 0.000 (0.041)
Missing 246
Cigarette use
Ever 512 (57%) 0.005 (0.036) 0.035 (0.274) 0.030 (0.276)
Never 386 (43%) 0.001 (0.007) 0.029 (0.193) 0.028 (0.192)

Ever used NSAID
No 459 (52%) 0.003 (0.020) 0.024 (0.148) 0.021 (0.147)
Yes 432 (48%) 0.004 (0.034) 0.042 (0.314) 0.038 (0.316)



	 Cancer Causes & Control           (2026) 37:45    45   Page 6 of 15

CRC​ colorectal cancer, BMI body mass index, F. nucleatum Fusobacterium nucleatum, kg kilogram, m 
meter, NSAID non-steroidal anti-inflammatory drug, SES socioeconomic status
1 A multiplex droplet digital PCR (ddPCR) assay was used to determine the extent of F. nucleatum in tis-
sues normalized to the amount of eukaryotic DNA levels
2 Paired normal colorectal tissues from the same patient
3 Enrichment was defined as the continuous difference in normalized F. nucleatum counts in tumor vs. in 
paired normal colorectal tissue (where positive values indicated that the normalized count of F. nucleatum 
in tumor was higher than that in matched normal tissue)
4 Race was categorized as white and because there were few non-White participants in the study. Non-
White participants included the following racial and ethnic groups: American Indian/Alaska Native (2.0%), 
Asian (4.2%), Black (3.2%), Hispanic (1.7%), and Pacific Islander (0.4%)
5 Participants were asked about average dietary intake via telephone interview from a time approximately 
two years prior to CRC diagnosis. Vegetable, fruit, and red meat intake were assessed by asking partici-
pants, “Would you please tell me how often per day, per week, or per month you ate the following foods?” 
For vegetables and fruits, intake was categorized as < 1 serving/day (low), 1 serving/day (medium), and > 1 
than one serving/day (high). Red meat intake was categorized into tertiles < 0.28 servings/day (low), 
0.28–0.57 servings/day (medium), and > 0.57 servings/day (high). Alcohol intake was assessed in each dec-
ade of life by first asking participants, “Since turning [age]…/Think back to the period when you were in 
your [age decade]. During that time… Did you ever drink any alcoholic beverages at least once a week 
for 6 months or longer?” and if yes, “How many alcoholic beverages a week did you typically drink when 
you consumed at least 1 drink a week for 6 months or longer?” We used the most recent decade of life to 
categorize alcohol intake, and categories were no drinks per week (none), 1–6 drink(s) per week (medium), 
and ≥ 7 drinks per week (high)
6 During the baseline telephone interview, participants were asked to self-report detailed information on 
their recreational physical activity during defined age periods prior to diagnosis: ages 20–29, 30–49, and 
50 + years [20] Questions covered different modes of activities (e.g., walking, jogging, running, bicycling, 
swimming, soccer, tennis, basketball, calisthenics), and the usual duration and frequency of each activity. 
Evaluation was limited to activities in which the patients were engaged for at least 30 min per week, for 
at least 3 continuous months. Standard metabolic equivalent of task score (METS) values were assigned 
to each activity [21] and multiplied by the number of hours per week engaged in that activity to derive 
METS-hours per week (METS-h/week). Physical activity during the age period of a participant’s CRC 
diagnosis (i.e., 20–29, 30–49, or 50 + years) was then summarized as average METS-h/week. For the pre-
sent analysis, we categorized this variable as < 10 (low), 10- 50 (medium), and > 50 METS-h/week (high)
7 nSES was assessed on the Census Block group level using participant’s residential address at time of CRC 
diagnosis using a composite variable with six data elements from the American Community Survey as pre-
viously described [22]. In the composite variable, lower scores indicated lower nSES

Table 1   (continued) F. nucleatum counts1

Epidemiologic risk factors N (%) Normal tissue2

Mean (SD)
Tumor tissue
Mean (SD)

Enrichment3
Mean (SD)

Missing 7
CRC family history
No 748 (83%) 0.004 (0.029) 0.033 (0.249) 0.030 (0.250)
Yes 150 (17%) 0.003 (0.020) 0.029 (0.205) 0.026 (0.206)
BMI (kg/m2)
 < 25 288 (32%) 0.004 (0.023) 0.031 (0.213) 0.028 (0.213)
25–29 347 (39%) 0.004 (0.036) 0.047 (0.328) 0.043 (0.329)
30 +  262 (29%) 0.002 (0.017) 0.015 (0.095) 0.013 (0.095)
Missing 1 1 1 1
Neighborhood SES7

Q1 191 (25%) 0.002 (0.010) 0.013 (0.076) 0.011 (0.076)
Q2 190 (25%) 0.006 (0.048) 0.026 (0.173) 0.020 (0.178)
Q3 190 (25%) 0.003 (0.013) 0.050 (0.282) 0.048 (0.281)
Q4 190 (25%) 0.004 (0.024) 0.026 (0.160) 0.022 (0.161)
Missing 137 (25%) 137 137 137
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of detectable F. nucleatum (OR 1.77, 95%, CI 1.11, 2.83 
and OR 1.61, 95% CI 1.02, 2.54, respectively) (Table 3). F. 
nucleatum presence and enrichment did not differ across any 
other epidemiologic risk factors, including dietary patterns 
and nSES.

To examine the robustness of associations for sex and 
F. nucleatum, we conducted additional analyses to explore 
effect modification according to tumor site and stage by 
stratifying data to the most common levels of tumor site 
(proximal) and stage (regional, I–II) and then rerunning 

the associations between sex and F. nucleatum. In strati-
fied analyses, female sex was still associated with low F. 
nucleatum presence in proximal colon tumors (OR 2.80, 
95% CI 1.34, 5.67) and with high F. nucleatum presence 
in regional cancers (OR 1.97, 95% CI 1.06, 1.67). We also 
examined whether sex differences in tumor site could have 
confounded the association but adjusting for tumor site 
does not change the estimated association between sex and 
F. nucleatum presence (results not shown).

Table 2   Associations of epidemiologic risk factors with F. nucleatum enrichment for CRC patients (n = 898)

CI confidence interval, CRC​ colorectal cancer, F. nucleatum Fusobacterium nucleatum, HS high school, kg kilogram, m meter, NSAID non-
steroidal anti-inflammatory drug, nSES neighborhood socioeconomic status, OR odds ratio
1 Model estimates were generated using multinomial logistic regression where the outcome was F. nucleatum enrichment, defined as the con-
tinuous difference in F. nucleatum abundance between patient-matched tumor and normal tissue samples and categorized into three groups: no 
difference (ref), tumor > normal, and normal > tumor. Three models were fit separately for 1) demographics, 2) health behaviors and personal 
history, and 3) nSES. Age 40–49 years was chosen as the reference group because the < 40 years group had a small sample size. High school 
education was chosen as the reference group because < high school had a small sample size

F. nucleatum count 
normal > tumor 
(ref no difference)
n = 51 (7.6%)

F. nucleatum count 
tumor > normal 
(ref no difference)
n = 164 (18.3%)

OR 95% CI p-value OR 95% CI p-value

Model 1 Demographic factors
Female sex 1.20 (0.67, 2.17) 0.54 1.58 (1.10, 2.27) 0.01
Age < 40 years (ref 40–49 years) 1.58 (0.39, 6.37) 0.52 1.86 (0.96, 3.58) 0.06
Age 50–59 years (ref 40–49 years) 1.86 (0.69, 5.04) 0.22 0.99 (0.57, 1.74) 0.98
Age 60–69 years (ref 40–49 years) 2.22 (0.89, 5.53) 0.09 1.41 (0.87, 2.28) 0.16
Age 70–74 years (ref 40–49 years) 2.84 (1.08, 7.48) 0.03 1.26 (0.72, 2.21) 0.41
Non-white race 1.20 (0.49, 2.98) 0.69 1.29 (0.77, 2.17) 0.33
 < HS education (ref HS) 0.76 (0.24, 2.43) 0.64 1.03 (0.52, 2.03) 0.93
Vocational/technical/some college education (ref HS) 0.66 (0.30, 1.47) 0.31 0.96 (0.60, 1.54) 0.87
College degree or higher education (ref HS) 0.70 (0.31, 1.56) 0.38 0.78 (0.47, 1.28) 0.32
Model 2. Health behaviors and personal history
Medium vegetable intake (ref high) 0.60 (0.30, 1.22) 0.16 0.73 (0.47, 1.12) 0.15
Low vegetable intake (ref high) 0.40 (0.15, 1.05) 0.06 0.67 (0.39, 1.15) 0.14
Medium fruit intake (ref high) 1.09 (0.50, 2.38) 0.83 0.88 (0.54, 1.42) 0.60
Low fruit intake (ref high) 1.26 (0.53, 3.01) 0.60 1.19 (0.72, 1.95) 0.50
Medium red meat intake (ref low) 0.96 (0.43, 2.14) 0.92 0.80 (0.48, 1.32) 0.38
High red meat intake (ref low) 0.95 (0.41, 2.19) 0.90 1.28 (0.78, 2.12) 0.33
Medium alcohol intake (ref none) 1.21 (0.48, 3.06) 0.69 1.31 (0.75, 2.29) 0.33
High alcohol intake (ref none) 0.78 (0.26, 2.32) 0.65 1.06 (0.59, 1.92) 0.85
Ever used cigarettes 0.45 (0.23, 0.88) 0.02 0.94 (0.65, 1.36) 0.73
Medium physical activity (ref low) 1.68 (0.80, 3.56) 0.17 1.56 (0.99, 2.47) 0.06
High physical activity (ref low) 1.85 (0.51, 6.64) 0.35 1.65 (0.73, 3.71) 0.23
Ever used NSAIDs 0.71 (0.39, 1.31) 0.27 0.79 (0.55, 1.13) 0.20
CRC family history 1.21 (0.59, 2.52) 0.60 0.62 (0.37, 1.05) 0.07
Model 3. Neighborhood SES
nSES Q1 (ref Q4) 0.93 (0.40, 2.16) 0.87 1.08 (0.61, 1.91) 0.80
nSES Q2 (ref Q4) 0.90 (0.39, 2.10) 0.81 1.36 (0.78, 2.38) 0.27
nSES Q3 (ref Q4) 0.71 (0.28, 1.80) 0.47 1.49 (0.86, 2.56) 0.15
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Alpha diversity

Table 4 reports mean alpha diversity in tumor tissue and 
paired normal colorectal tissue according to epidemiologic 
risk factors. The mean alpha diversity in tumor tissue was 
3.02 (standard deviation [SD] 1.16) and was 3.22 (SD 1.18) 
in normal tissue. Alpha diversity was consistently lower in 
tumor tissue relative to patient-matched normal colorectal 
tissue across all epidemiologic risk factors.

Relative to those aged 40–49 years, those in the youngest 
age group (< 40 years) had lower alpha diversity (OR for 
highest vs. lowest tertile: 0.33; 95% 0.13, 0.83 (Table 5). 
Alpha diversity in tumor tissue was greater among those 
reporting a family history of CRC (OR 1.92; 95% CI 1.10, 
3.33). Alpha diversity in tumor tissue did not differ across 
any aspects of diet, including vegetable, fruit, red meat, 
and alcohol intake. There were no statistically significant 

Table 3   Associations of epidemiologic risk factors with F. nucleatum presence for CRC patients (n = 898)

CI confidence interval, CRC​ colorectal cancer, F. nucleatum Fusobacterium nucleatum, HS high school, kg kilogram, m meter, NSAID non-
steroidal anti-inflammatory drug, nSES neighborhood socioeconomic status, OR odds ratio
1 Model estimates were generated using multinomial logistic regression where the outcome was F. nucleatum presence classified categorically as 
no presence (ref), low (F. nucleatum abundance > 0 but < median level among those positive for F. nucleatum), or high (abundance ≥ median). 
Three models were fit separately for 1) demographics, 2) health behaviors and personal history, and 3) nSES. Age 40–49 years was chosen as the 
reference group because the < 40 years group had a small sample size. High school education was chosen as the reference group because < high 
school had a small sample size
2 Tests for trend across categories of the outcome were conducted using ordinal logistic regression. Statistically significant p-trend values 
(p < 0.05) are indicated with an asterisk

Low F. nucleatum presence (ref no 
presence)1

n = 92 (10.2%)

High F. nucleatum presence (ref no 
presence)1

n = 93 (10.3%)

OR 95% CI p-value OR 95% CI p-value p-trend2

Model 1. Demographic factors
Female sex 1.77 (1.11, 2.83) 0.02 1.61 (1.02, 2.54) 0.04 *
Age < 40 years (ref 40–49 years) 1.95 (0.84, 4.52) 0.12 1.63 (0.70, 3.82) 0.26
Age 50–59 years (ref 40–49 years) 1.26 (0.62, 2.55) 0.52 0.97 (0.48, 1.98) 0.94
Age 60–69 years (ref 40–49 years) 1.42 (0.75, 2.68) 0.28 1.33 (0.73, 2.44) 0.35
Age 70–74 years (ref 40–49 years) 1.50 (0.74, 3.05) 0.27 1.07 (0.53, 2.19) 0.85
Non-white race 1.52 (0.82, 2.82) 0.18 1.02 (0.51, 2.02) 0.96
 < HS education (ref HS) 0.90 (0.34, 2.37) 0.84 1.05 (0.46, 2.38) 0.90
Vocational/technical/some college education (ref HS) 1.20 (0.65, 2.21) 0.56 0.73 (0.40, 1.34) 0.31
College degree or higher education (ref HS) 0.84 (0.43, 1.64) 0.61 0.73 (0.40, 1.35) 0.32
Model 2. Health behaviors and personal history
Medium vegetable intake (ref high) 0.81 (0.47, 1.40) 0.45 0.76 (0.44, 1.31) 0.32
Low vegetable intake (ref high) 0.67 (0.33, 1.34) 0.25 0.66 (0.33, 1.32) 0.24
Medium fruit intake (ref high) 0.83 (0.45, 1.53) 0.55 0.75 (0.41, 1.37) 0.35
Low fruit intake (ref high) 1.20 (0.64, 2.26) 0.56 0.96 (0.52, 1.79) 0.90
Medium red meat intake (ref low) 0.73 (0.39, 1.37) 0.33 1.04 (0.54, 1.97) 0.92
High red meat intake (ref low) 1.26 (0.68, 2.34) 0.46 1.28 (0.66, 2.47) 0.47
Medium alcohol intake (ref none) 1.45 (0.73, 2.89) 0.29 1.34 (0.66, 2.74) 0.41
High alcohol intake (ref none) 0.86 (0.38, 1.98) 0.73 1.38 (0.68, 2.83) 0.37
Ever used cigarettes 0.90 (0.56, 1.44) 0.66 0.71 (0.44, 1.14) 0.16
Medium physical activity (ref low) 1.41 (0.76, 2.60) 0.27 1.79 (1.02, 3.13) 0.04 *
High physical activity (ref low) 2.01 (0.78, 5.14) 0.15 1.54 (0.55, 4.31) 0.42
Ever used NSAIDs 0.52 (0.32, 0.84) 0.01 0.99 (0.62, 1.57) 0.96
CRC family history 0.85 (0.46, 1.58) 0.60 0.37 (0.17, 0.80) 0.01 *
Model 3. Neighborhood SES
nSES Q1 (ref Q4) 1.21 (0.61, 2.43) 0.58 0.92 (0.44, 1.92) 0.82
nSES Q2 (ref Q4) 1.08 (0.53, 2.22) 0.83 1.41 (0.73, 2.76) 0.31
nSES Q3 (ref Q4) 1.39 (0.71, 2.73) 0.33 1.34 (0.68, 2.64) 0.39
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Table 4   Alpha diversity in 
tumor and paired normal 
colorectal tissue according to 
epidemiologic risk factors for 
CRC patients (n = 611)

Alpha diversity1

Epidemiologic risk factors N (%) Normal tissue2

Mean (SD)
Tumor tissue
Mean (SD)

Difference3

Mean (SD)

Total 611 (100%) 3.222 (1.176) 3.025 (1.159) -0.196 (1.047)
Sex
Male 284 (46%) 3.155 (1.228) 3.069 (1.170) -0.086 (1.083)
Female 327 (54%) 3.280 (1.128) 2.988 (1.150) -0.292 (1.007)
Age (years)
 < 40 49 (8.0%) 3.093 (0.784) 2.797 (0.769) -0.296 (1.033)
40–49 121 (20%) 3.320 (1.098) 3.120 (1.213) -0.200 (1.003)
50–59 123 (20%) 3.268 (1.346) 3.115 (1.332) -0.154 (1.135)
60–69 211 (35%) 3.153 (1.186) 2.964 (1.154) -0.189 (1.036)
70–74 107 (18%) 3.252 (1.190) 3.044 (1.032) -0.208 (1.037)
Race4

White 537 (88%) 3.226 (1.171) 3.050 (1.161) -0.176 (1.028)
Non-White 73 (12%) 3.179 (1.223) 2.848 (1.145) -0.331 (1.185)
Missing 1 1 1 1
Education
Less than high school 48 (8.9%) 2.952 (1.271) 2.899 (0.978) -0.053 (0.950)
High school 137 (26%) 3.280 (1.237) 2.940 (1.241) -0.340 (1.032)
Vocational/technical/some college 179 (33%) 3.293 (1.036) 3.092 (1.126) -0.201 (0.975)
College or higher 173 (32%) 3.244 (1.125) 3.132 (1.105) -0.111 (1.127)
Missing 74 74 74 74
Vegetable intake5

High 217 (36%) 3.346 (1.097) 3.122 (1.151) -0.224 (0.986)
Medium 242 (40%) 3.165 (1.219) 2.998 (1.151) -0.168 (1.073)
Low 146 (24%) 3.143 (1.205) 2.942 (1.187) -0.202 (1.100)
Missing 6 6 6 6
Fruit intake5

High 196 (33%) 3.282 (1.094) 3.086 (1.151) -0.196 (0.999)
Medium 173 (29%) 3.246 (1.097) 2.966 (1.175) -0.280 (1.054)
Low 231 (39%) 3.140 (1.290) 3.031 (1.171) -0.109 (1.064)
Missing 11 11 11 11
Red meat intake5

Low 106 (18%) 3.127 (1.074) 2.868 (1.148) -0.260 (1.093)
Medium 248 (43%) 3.208 (1.142) 3.066 (1.137) -0.142 (1.032)
High 227 (39%) 3.293 (1.232) 3.068 (1.165) -0.225 (1.064)
Missing 30 30 30 30
Alcohol Intake5

None 290 (68%) 3.161 (1.135) 3.005 (1.135) -0.156 (1.018)
Medium 75 (18%) 3.205 (1.072) 3.018 (1.180) -0.187 (1.034)
High 59 (14%) 3.422 (1.176) 3.017 (1.211) -0.405 (0.998)
Missing 187 187 187 187
Physical activity6

Low 323 (72%) 3.217 (1.153) 3.043 (1.164) -0.174 (1.011)
Medium 99 (22%) 3.271 (0.986) 3.047 (0.988) -0.224 (1.119)
High 25 (5.6%) 3.426 (1.139) 3.199 (1.061) -0.226 (0.881)
Missing 164 164 164 164
Cigarette use
Ever 345 (56%) 3.178 (1.201) 2.946 (1.164) -0.232 (1.048)
Never 266 (44%) 3.279 (1.143) 3.130 (1.148) -0.149 (1.047)
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CRC​ colorectal cancer, BMI body mass index, kg kilogram, m meter, NSAID non-steroidal anti-inflamma-
tory drug, SES socioeconomic status
1 Alpha diversity was assessed using the Shannon index
2 Paired normal colorectal tissues from the same patient
3 Defined as the continuous difference in Shannon alpha diversity in tumor vs. in paired normal colorectal 
tissue (where positive values indicated that the Shannon alpha diversity in tumor was higher than that in 
matched normal tissue)
4 Race was categorized as White and because there were few non-White participants in the study. Non-
White participants included the following racial and ethnic groups: American Indian/Alaska Native (2.3%), 
Asian (4.1%), Black (3.8%), Hispanic (0.8%), and Pacific Islander (0.5%)
5 Participants were asked about average dietary intake via telephone interview from a time approximately two 
years prior to CRC diagnosis. Vegetable, fruit, and red meat intake were assessed by asking participants, “Would 
you please tell me how often per day, per week, or per month you ate the following foods?” For vegetables and 
fruits, intake was categorized as < 1 serving/day (low), 1 serving/day (medium), and > 1 than one serving/day 
(high). Red meat intake was categorized into tertiles < 0.28 servings/day (low), 0.28–0.57 servings/day (medium), 
and > 0.57 servings/day (high). Alcohol intake was assessed in each decade of life by first asking participants, 
“Since turning [age]…/Think back to the period when you were in your [age decade]. During that time… Did you 
ever drink any alcoholic beverages at least once a week for 6 months or longer?” and if yes, “How many alcoholic 
beverages a week did you typically drink when you consumed at least 1 drink a week for 6 months or longer?” We 
used the most recent decade of life to categorize alcohol intake, and categories were no drinks per week (none), 
1–6 drink(s) per week (medium), and ≥ 7 drinks per week (high)
6 During the baseline telephone interview, participants were asked to self-report detailed information on 
their recreational physical activity during defined age periods prior to diagnosis: ages 20–29, 30–49, and 
50 + years [20]. Questions covered different modes of activities (e.g., walking, jogging, running, bicycling, 
swimming, soccer, tennis, basketball, calisthenics), and the usual duration and frequency of each activity. 
Evaluation was limited to activities in which the patients were engaged for at least 30 min per week, for 
at least 3 continuous months. Standard metabolic equivalent of task score (METS) values were assigned 
to each activity [21] and multiplied by the number of hours per week engaged in that activity to derive 
METS-hours per week (METS-h/week). Physical activity during the age period of a participant’s CRC 
diagnosis (i.e., 20–29, 30–49, or 50 + years) was then summarized as average METS-h/week. For the pre-
sent analysis, we categorized this variable as < 10 (low), 10- 50 (medium), and > 50 METS-h/week (high)
7 Neighborhood SES was assessed on the Census Block group level using participants’ residential address 
at time of CRC diagnosis using a composite variable with six data elements from the American Commu-
nity Survey as previously described [22]. In the composite variable, lower scores indicated lower neighbor-
hood SES

Table 4   (continued) Alpha diversity1

Epidemiologic risk factors N (%) Normal tissue2

Mean (SD)
Tumor tissue
Mean (SD)

Difference3

Mean (SD)

Ever used NSAID
No 305 (50%) 3.219 (1.146) 2.953 (1.170) -0.266 (1.072)
Yes 300 (50%) 3.208 (1.210) 3.097 (1.143) -0.111 (1.015)
Missing 6 6 6 6
CRC family history
No 507 (83%) 3.195 (1.166) 2.985 (1.181) -0.209 (1.017)
Yes 104 (17%) 3.355 (1.222) 3.223 (1.028) -0.132 (1.189)
BMI (kg/m2)
 < 25 192 (31%) 3.328 (1.082) 3.025 (1.130) -0.303 (1.015)
25–29 235 (39%) 3.210 (1.197) 3.102 (1.157) -0.108 (1.036)
30 +  183 (30%) 3.131 (1.241) 2.928 (1.193) -0.203 (1.090)
Missing 1 1 1 1
Neighborhood SES7

Q1 129 (25%) 3.141 (1.157) 2.882 (1.170) -0.259 (0.996)
Q2 127 (25%) 3.234 (1.132) 3.051 (1.096) -0.184 (1.024)
Q3 119 (23%) 3.243 (1.221) 3.173 (1.157) -0.070 (1.010)
Q4 134 (26%) 3.371 (1.024) 3.155 (1.093) -0.216 (1.082)
Missing 102 102 102 102
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associations between epidemiologic risk factors and alpha 
diversity in normal tissue (Supplementary Material).

Discussion

In this study, we explored whether established epide-
miologic risk factors for CRC were associated with the 
presence and enrichment of F. nucleatum and with bacte-
rial diversity in colorectal tumor tissue. F. nucleatum, a 
bacterial species found in the gut of CRC patients and 
linked to CRC outcomes [8] was more commonly present 

in tumor tissue than in patient-matched normal colorectal 
tissue and female sex was associated with both presence 
and enrichment of F. nucleatum in tumor tissue. However, 
our findings did not provide evidence that other epidemio-
logic risk factors for CRC, including age, aspects of diet, 
or nSES, were associated with F. nucleatum presence or 
absence in tumors. We did observe greater alpha diver-
sity in patient-matched normal colorectal tissue relative 
to tumor tissue, with some indication that bacterial alpha 
diversity in tumor tissue differed across certain epidemiol-
ogy characteristics including age.

Table 5   Association of epidemiologic risk factors with tertile of tumor tissue alpha diversity (n = 611)

CI confidence interval, CRC​ colorectal cancer, HS high school, kg kilogram, m meter, NSAID non-steroidal anti-inflammatory drug, nSES neigh-
borhood socioeconomic status, OR odds ratio
1 Alpha diversity was assessed using the Shannon index [35] and categorized according to tertiles (low: 0.003–2.59, medium: 2.59–3.42, high: 
3.42–5.89). Model estimates were generated using multinomial logistic regression. Three models were fit separately for 1) demographics, 2) 
health behaviors and personal history, and 3) nSES. Age 40–49 years was chosen as the reference group because the < 40 years group had a 
small sample size. High school education was chosen as the reference group because < high school had a small sample size

Outcome: Medium tumor tissue alpha 
diversity (ref low)1

N = 203 (33.3%)

Outcome: High tumor tissue alpha 
diversity (ref low)1

N = 204 (33.4%)

OR 95% CI p-value OR 95% CI p-value

Model 1. Demographic factors
Female sex 0.94 (0.63, 1.39) 0.75 0.92 (0.62, 1.37) 0.69
Age < 40 years (ref 40–49 years) 0.86 (0.40, 1.87) 0.71 0.33 (0.13, 0.83) 0.02
Age 50–59 years (ref 40–49 years) 0.83 (0.44, 1.59) 0.58 1.03 (0.56, 1.92) 0.92
Age 60–69 years (ref 40–49 years) 0.79 (0.45, 1.39) 0.41 0.71 (0.41, 1.25) 0.24
Age 70–74 years (ref 40–49 years) 0.86 (0.45, 1.65) 0.65 0.67 (0.35, 1.30) 0.24
Non-white race 0.99 (0.55, 1.78) 0.98 0.66 (0.35, 1.24) 0.19
 < HS education (ref HS) 0.83 (0.39, 1.77) 0.63 0.72 (0.31, 1.68) 0.44
Vocational/technical/some college education (ref HS) 1.15 (0.67, 1.97) 0.62 1.24 (0.71, 2.17) 0.45
College degree or higher education (ref HS) 0.82 (0.47, 1.43) 0.48 1.24 (0.71, 2.15) 0.46
Model 2. Health behaviors and personal history
Medium vegetable intake (ref high) 1.13 (0.69, 1.84) 0.64 0.97 (0.59, 1.60) 0.90
Low vegetable intake (ref high) 0.99 (0.53, 1.83) 0.97 0.85 (0.45, 1.60) 0.62
Medium fruit intake (ref high) 0.71 (0.42, 1.22) 0.21 0.67 (0.39, 1.15) 0.15
Low fruit intake (ref high) 0.90 (0.51, 1.61) 0.73 0.95 (0.53, 1.71) 0.87
Medium red meat intake (ref low) 1.44 (0.82, 2.53) 0.20 1.39 (0.78, 2.46) 0.26
High red meat intake (ref low) 1.28 (0.71, 2.30) 0.40 1.37 (0.76, 2.47) 0.30
Medium alcohol intake (ref none) 0.76 (0.39, 1.49) 0.43 1.27 (0.67, 2.40) 0.46
High alcohol intake (ref none) 0.96 (0.49, 1.88) 0.91 1.03 (0.51, 2.05) 0.94
Never used cigarettes 1.05 (0.69, 1.61) 0.81 1.56 (1.02, 2.39) 0.04
Low physical activity (ref high) 0.72 (0.29, 1.81) 0.49 1.05 (0.38, 2.95) 0.92
Medium physical activity (ref high) 0.79 (0.28, 2.23) 0.65 1.05 (0.34, 3.25) 0.93
Ever used NSAIDs 1.35 (0.89, 2.03) 0.15 1.43 (0.95, 2.17) 0.09
CRC family history 1.21 (0.68, 2.16) 0.52 1.94 (1.12, 3.37) 0.02
Model 3. Neighborhood SES
nSES Q1 (ref Q4) 1.01 (0.56, 1.79) 0.98 0.69 (0.38, 1.28) 0.24
nSES Q2 (ref Q4) 0.84 (0.46, 1.52) 0.56 0.81 (0.45, 1.47) 0.49
nSES Q3 (ref Q4) 0.97 (0.52, 1.80) 0.92 1.16 (0.64, 2.11) 0.63
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Enrichment of F. nucleatum in invasive colorectal 
tumor tissues relative to normal colorectal tissue has been 
documented in multiple prior studies [6, 39, 40]. Studies 
have also demonstrated that microbial diversity in the gut 
is lower among CRC patients than in adenoma samples or 
samples from healthy controls [1, 12, 41]. F. nucleatum is 
likely overrepresented in tumor tissues due to its ability to 
bind to and invade cancer cells via adhesion proteins and 
because of the mechanisms by which it promotes cancer 
progression through increased expression of oncogenes, 
transcription factors, inflammatory genes, and Wnt signal-
ing [5, 6, 10]. Similarly, it is these conditions in the tumor 
microenvironment that select specific bacteria and lessen 
the richness of bacterial species. By evaluating character-
istics of not only tumor tissue but also patient-matched 
normal tissue, our study was able to evaluate the role of 
epidemiologic factors in bacterial diversity localized to 
tumor regions and more diffusely beyond the tumor mar-
gins. However, it remains unclear whether these observed 
patterns of F. nucleatum presence and bacterial diversity 
precede the development of CRC or occur as a result.

We did not detect differences in F. nucleatum or alpha 
diversity in tumor tissue according to dietary variables, 
including vegetable, fruit, red meat, and alcohol intake. 
Although at least one other study similarly reported that the 
presence of Fusobacterium genus bacteria in fecal samples 
from patients with CRC was not associated with intake of 
meat (any, red, and processed), vegetables, whole grains, 
or alcohol [42] this null finding is largely inconsistent with 
previous work reporting associations of diet with aspects 
of the intratumoral microbiota. For instance, intake of spe-
cific dietary components like dairy [43] and the variety and 
vegetables and fruits [44] as well as overall dietary patterns 
characterized as inflammatory [14] or as fiber rich [15] have 
been linked to the presence and level of F. nucleatum in fecal 
samples from healthy adults and in colorectal tumors. Analy-
ses of studies with fewer participants have also reported that 
intestinal abundance of F. nucleatum [45] and overall gut 
microbiota composition [46] statistically significantly medi-
ate the relationship between dietary intake and CRC risk. 
Characteristics of the gut microbiota may play a mediating 
role in associations between the established CRC risk fac-
tor diet and CRC risk and/or survival and it is not clear why 
our findings deviate from the current literature. One reason 
could be related to our assessment of tumor tissue while 
previous work has examined the fecal microbiome. It is also 
possible there were limitations in our ascertainment of diet 
history, including measurement in a period not relevant for 
the composition of gut microbial composition. Further, our 
measures may not have wholly captured the most relevant 
nutrients impacting the gut microbiota (fiber, dairy, probiot-
ics, etc.).

We found that female CRC patients had greater presence 
of F. nucleatum in tumor tissue than males. One prior study 
reported that among 1,069 CRC patients, high levels of F. 
nucleatum DNA in CRC tissue was more common in women 
than men, although differences were not statistically signifi-
cant [8]. Work examining epidemiologic factors beyond diet 
in relation to gut F. nucleatum are limited, but at least some 
work has suggested cigarette smoking could be related to 
the presence of F. nucleatum in other anatomic sites like 
the mouth [47]. Further, a pilot study of 30 individuals with 
CRC showed that the Fusobacteriota phylum was more 
abundant in fecal samples among Black participants rela-
tive to participants of other races [48]. However, we did not 
detect differences in presence or enrichment of F. nucleatum 
or alpha diversity according to cigarette smoking or race.

Lastly, we found that the youngest participants had the 
lowest bacterial alpha diversity in tumor tissue. Other work 
has examined tumor bacterial diversity across young-onset 
and average onset cancers, although it remains equivocal 
whether lower or greater alpha diversity is more influential 
for CRC diagnosis [16, 17]. With the rising incidence of 
young-onset CRC, the role of the gut microbiota is an active 
area of research.

A better understanding of the role of epidemiologic risk 
factors in shaping the tumor-associated microbiota will 
allow for targeted CRC prevention and detection strategies. 
Several modifiable risk factors, including diet, physical 
activity, smoking, and use of medications like NSAIDS, 
sex hormones, supplements, antibiotics, and prebiotics could 
be targeted to promote greater bacterial diversity in the gut 
and to reduce the colonization of pathogenic species like 
F. nucleatum. Further detailed investigations into the risk 
factors likely to shape the microbial community in the gut 
and in the tumor of CRC patients along with quantification 
of microbial pathways and metabolites are needed for trans-
lational work.

Strengths and limitations

This study is strengthened by the population-based sample 
with a wide age range, including both males and females for 
which normal and tumor tissue samples were available for 
comparison analyses. In addition, we were able to examine 
the impact of contextual (environmental) risk factors like 
nSES. Few studies have been able to examine the associa-
tions of epidemiologic risk factors for CRC and the tumor-
associated gut microbiota to the extent for which we have 
available data. However, our study also has limitations. The 
intratumoral and normal tissue microbiota were assessed at 
one point in time which limits the ability to detect changes 
in the gut microbiota and the temporal sequence between 
epidemiologic risk factors, changes in gut microbiota 
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composition, and CRC risk and progression. Further, epi-
demiologic data may have been ascertained at timepoints 
that are not relevant to assessment of the gut microbiota. 
Lastly, the study population consisted primarily of white 
non-Hispanic participants which precludes investigation into 
bacterial differences across race and ethnicity and limits gen-
eralizability of findings. Preliminary analyses in other work 
have suggested that race is an important factor for the gut 
microbiota and some racial and ethnic groups experience 
disproportionate burdens of CRC so additional analyses into 
these relationships are warranted for racially and ethnically 
diverse populations.

In conclusion, using colorectal tumor and paired normal 
colorectal tissue samples from a subset of participants in 
the population-based PSCCC, we found the presence of F. 
nucleatum and tumor tissue alpha diversity to differ across 
age and sex. In comparison, we found no evidence for asso-
ciations between aspects of diet and gut bacterial character-
istics. By identifying potential epidemiologic risk factors 
linked to aspects of the intratumoral microbiota, this work 
contributes to efforts to understand the role of the gut micro-
biota composition in the etiology and progression of CRC.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10552-​026-​02133-4.

Author Contributions  C.M.H contributed to formal analysis; writing 
– original draft. R.C.M. contributed to project administration; writ-
ing – review and editing. A.M.R contributed to project administration. 
O.K.  contributed to writing – review and editing. K.C.  contributed 
to writing – review and editing. N.M.  contributed to writing – review 
and editing. T.W.R.  contributed to writing – review and editing. J.M.  
contributed to writing – review and editing. C.E.T.  contributed to 
writing – review and editing. S.O.  contributed to funding acquisition; 
conceptualization; and writing – review and editing. J.D.P  contrib-
uted to writing – review and editing.  D.D.B  contributed to writing 
– review and editing. P.A.N.  contributed to funding acquisition; writ-
ing – review and editing. M.A.J.H.  contributed to conceptualization; 
writing – review and editing. A.I.P.  contributed to funding acquisition; 
conceptualization; and writing – original draft.

Funding  This work was supported by the National Cancer Institute 
at the National Institutes of Health (R01CA217970, U01CA167551 
to A.I.P, R01CA076366 to P.A.N., T32CA094880 to C.M.H.), and 
through cooperative agreements with members of the Colon Can-
cer Family Registry and Principal Investigators. The content of this 
manuscript does not necessarily reflect the views or policies of the 
NIH or any of the collaborating centers in the Colon Cancer Fam-
ily Registry, nor does mention of trade names, commercial products, 
or organizations imply endorsement by the US Government or the 
Colon Cancer Family Registry. Additional funding comes from Can-
cer Research UK Grand Challenge Award (C10674/A27140, to S.O.) 
S.O. is American Cancer Society Clinical Research Professor (grant 
number: CRP-24–1185864-01-PROF).

Data availability  The Colon CFR (CCFR) investigators and insti-
tutions affirm their intention to share research data consistent with 
all relevant NIH resource/data sharing policies. The CCFR (https://
coloncfr.org/for-researchers/collaborate-with-the-ccfr/](https:/coloncfr.
org/for-researchers/collaborate-with-the-ccfr). Microbial data reported 

in this manuscript can be requested by contacting the corresponding 
author and submitting an Application for Collaboration to the CCFR. 
Microbial data can be made available upon reasonable request to the 
corresponding author (A.I.P.).

Declarations 

Conflicts of interest  C.E. T. is an epidemiology contractor with Pfizer, 
unrelated to the present study. All other authors declare no potential 
conflicts of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Gao Z, Guo B, Gao R, Zhu Q, Qin H (2015) Microbiota disbio-
sis is associated with colorectal cancer. Front Microbiol. https://​
doi.​org/​10.​3389/​FMICB.​2015.​00020/​ABSTR​ACT

	 2.	 Sears CL, Garrett WS (2014) Microbes, microbiota and colon 
cancer. Cell Host Microbe 15(3):317. https://​doi.​org/​10.​1016/J.​
CHOM.​2014.​02.​007

	 3.	 Siegel RL, Kratzer TB, Giaquinto AN, Sung H, Jemal A (2025) 
Cancer statistics, 2025. CA Cancer J Clin 75(1):10–45. https://​
doi.​org/​10.​3322/​CAAC.​21871

	 4.	 Vallis J, Wang PP 2022 The Role of Diet and Lifestyle in Colo-
rectal Cancer Incidence and Survival. In: Gastrointestinal Can-
cers. https://​doi.​org/​10.​36255/​exon-​publi​catio​ns-​gastr​ointe​sti-
nal-​cance​rs-​diet-​color​ectal-​cancer

	 5.	 Flanagan L, Schmid J, Ebert M et  al (2014) Fusobacte-
rium nucleatum associates with stages of colorectal neo-
plasia development, colorectal cancer and disease outcome. 
Eur J Clin Microbiol Infect Dis. https://​doi.​org/​10.​1007/​
s10096-​014-​2081-3

	 6.	 Castellarin M, Warren RL, Freeman JD et al (2012) Fusobacte-
rium nucleatum infection is prevalent in human colorectal carci-
noma. Genome Res. https://​doi.​org/​10.​1101/​gr.​126516.​111

	 7.	 Ito M, Kanno S, Nosho K et al (2015) Association of Fusobac-
terium nucleatum with clinical and molecular features in colo-
rectal serrated pathway. Int J Cancer. https://​doi.​org/​10.​1002/​
ijc.​29488

	 8.	 Mima K, Nishihara R, Qian ZR et al (2016) Fusobacterium 
nucleatum in colorectal carcinoma tissue and patient prognosis. 
Gut. https://​doi.​org/​10.​1136/​gutjnl-​2015-​310101

	 9.	 Kim Y, Cho NY, Kang GH (2022) Prognostic and clinicopatho-
logical significance of Fusobacterium nucleatum in colorectal 
cancer: a systemic review and meta-analysis. J Pathol Transl 
Med 56(3):144–151. https://​doi.​org/​10.​4132/​JPTM.​2022.​03.​13

	10.	 Rubinstein MR, Wang X, Liu W, Hao Y, Cai G, Han YW (2013) 
Fusobacterium nucleatum promotes colorectal carcinogenesis by 
modulating E-cadherin/β-catenin signaling via its FadA adhesin. 
Cell Host Microbe. https://​doi.​org/​10.​1016/j.​chom.​2013.​07.​012

https://doi.org/10.1007/s10552-026-02133-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/FMICB.2015.00020/ABSTRACT
https://doi.org/10.3389/FMICB.2015.00020/ABSTRACT
https://doi.org/10.1016/J.CHOM.2014.02.007
https://doi.org/10.1016/J.CHOM.2014.02.007
https://doi.org/10.3322/CAAC.21871
https://doi.org/10.3322/CAAC.21871
https://doi.org/10.36255/exon-publications-gastrointestinal-cancers-diet-colorectal-cancer
https://doi.org/10.36255/exon-publications-gastrointestinal-cancers-diet-colorectal-cancer
https://doi.org/10.1007/s10096-014-2081-3
https://doi.org/10.1007/s10096-014-2081-3
https://doi.org/10.1101/gr.126516.111
https://doi.org/10.1002/ijc.29488
https://doi.org/10.1002/ijc.29488
https://doi.org/10.1136/gutjnl-2015-310101
https://doi.org/10.4132/JPTM.2022.03.13
https://doi.org/10.1016/j.chom.2013.07.012


	 Cancer Causes & Control           (2026) 37:45    45   Page 14 of 15

	11.	 Kostic AD, Chun E, Robertson L et al (2013) Fusobacterium 
nucleatum potentiates intestinal tumorigenesis and modulates 
the tumor-immune microenvironment. Cell Host Microbe. 
https://​doi.​org/​10.​1016/j.​chom.​2013.​07.​007

	12.	 Ai D, Pan H, Li X, Gao Y, Liu G, Xia LC (2019) Identifying 
gut microbiota associated with colorectal cancer using a zero-
inflated lognormal model. Front Microbiol 10:826

	13.	 Nakatsu G, Li X, Zhou H et al (2015) Gut mucosal microbiome 
across stages of colorectal carcinogenesis. Nat Commun. https://​
doi.​org/​10.​1038/​NCOMM​S9727

	14.	 Liu L, Tabung FK, Zhang X et al (2018) Diets that promote 
colon inflammation associate with risk of colorectal carcino-
mas that contain Fusobacterium nucleatum. Clin Gastroenterol 
Hepatol 16(10):1622. https://​doi.​org/​10.​1016/J.​CGH.​2018.​04.​
030

	15.	 Mehta RS, Nishihara R, Cao Y et al (2017) Dietary patterns and 
risk of colorectal cancer subtypes classified by fusobacterium 
nucleatum in tumor tissue. JAMA Oncol 3(7):921. https://​doi.​
org/​10.​1001/​JAMAO​NCOL.​2016.​6374

	16.	 Barot SV, Sangwan N, Nair KG et al (2024) Distinct intratu-
moral microbiome of young-onset and average-onset colorectal 
cancer. EBioMedicine. https://​doi.​org/​10.​1016/j.​ebiom.​2024.​
104980

	17.	 Yang Y, Du L, Shi D et al (2021) Dysbiosis of human gut micro-
biome in young-onset colorectal cancer. Nat Commun. https://​
doi.​org/​10.​1038/​s41467-​021-​27112-y

	18.	 Newcomb PA, Baron J, Cotterchio M et al (2007) Colon can-
cer family registry: an international resource for studies of the 
genetic epidemiology of colon cancer. Cancer Epidemiol Bio-
markers Prev 16(11):2331–2343. https://​doi.​org/​10.​1158/​1055-​
9965.​EPI-​07-​0648

	19.	 Newcomb PA, Zheng Y, Chia VM et al (2007) Estrogen plus 
progestin use, microsatellite instability, and the risk of colorec-
tal cancer in women. Cancer Res 67(15):7534–7539. https://​doi.​
org/​10.​1158/​0008-​5472.​CAN-​06-​4275

	20.	 Hardikar S, Newcomb PA, Campbell PT et al (2015) Prediag-
nostic physical activity and colorectal cancer survival: overall 
and stratified by tumor characteristics. Cancer Epidemiol Bio-
markers Prev. https://​doi.​org/​10.​1158/​1055-​9965.​EPI-​15-​0039

	21.	 Ainsworth BE, Haskell WL, Herrmann SD et al (2011) 2011 
compendium of physical activities: a second update of codes 
and MET values. Med Sci Sports Exerc. https://​doi.​org/​10.​1249/​
MSS.​0b013​e3182​1ece12

	22.	 Robinson JRM, Phipps AI, Barrington WE et al (2021) Asso-
ciations of household income with health-related quality of life 
following a colorectal cancer diagnosis varies with neighbor-
hood socioeconomic status. Cancer Epidemiol Biomarkers Prev 
30(7):1366. https://​doi.​org/​10.​1158/​1055-​9965.​EPI-​20-​1823

	23.	 Meredith H (2025) Highly sensitive DNA testing of Fusobac-
terium nucleatum (Fn) in colorectal tumors. Published online, 
Cancer Epidemiology Biomarkers and Prevention

	24.	 Phipps AI, Hill CM, Lin G et al (2025) Fusobacterium nuclea-
tum enrichment in colorectal tumor tissue: associations with 
tumor characteristics and survival outcomes. Gastro Hep Adv. 
https://​doi.​org/​10.​1016/j.​gastha.​2025.​100644

	25.	 Edgar RC (2010) Search and clustering orders of magnitude 
faster than BLAST. Bioinformatics. https://​doi.​org/​10.​1093/​
bioin​forma​tics/​btq461

	26.	 Edgar RC (2016) UNOISE2: improved error-correction for Illu-
mina 16S and ITS amplicon sequencing. bioRxiv. Published 
online.

	27.	 Bolyen E, Rideout JR, Dillon MR et al (2019) Reproducible, 
interactive, scalable and extensible microbiome data science 
using QIIME 2. Nat Biotechnol. https://​doi.​org/​10.​1038/​
s41587-​019-​0209-9

	28.	 Prodan A, Tremaroli V, Brolin H, Zwinderman AH, Nieuw-
dorp M, Levin E (2020) Comparing bioinformatic pipelines for 
microbial 16S rRNA amplicon sequencing. PLoS ONE. https://​
doi.​org/​10.​1371/​journ​al.​pone.​02274​34

	29.	 Quast C, Pruesse E, Yilmaz P et al (2013) The SILVA riboso-
mal RNA gene database project: improved data processing and 
web-based tools. Nucleic Acids Res. https://​doi.​org/​10.​1093/​
nar/​gks12​19

	30.	 Katoh K, Misawa K, Kuma KI, Miyata T (2002) A novel method 
for rapid multiple sequence alignment based on fast Fourier 
transform. Nucleic Acids Res. https://​doi.​org/​10.​1093/​nar/​
gkf436

	31.	 Price MN, Dehal PS, Arkin AP (2010) FastTree 2 - approxi-
mately maximum-likelihood trees for large alignments. PLoS 
ONE. https://​doi.​org/​10.​1371/​journ​al.​pone.​00094​90

	32.	 Austin GI, Park H, Meydan Y et al (2023) Contamination source 
modeling with SCRuB improves cancer phenotype prediction 
from microbiome data. Nat Biotechnol. https://​doi.​org/​10.​1038/​
s41587-​023-​01696-w

	33.	 Nejman D, Livyatan I, Fuks G et al (2020) The human tumor 
microbiome is composed of tumor type-specific intracellular 
bacteria. Science. https://​doi.​org/​10.​1126/​scien​ce.​aay91​89

	34.	 Galeano Niño JL, Wu H, LaCourse KD et al (2023) INVADEseq 
to identify cell-adherent or invasive bacteria and the associated 
host transcriptome at single-cell-level resolution. Nat Protoc. 
https://​doi.​org/​10.​1038/​s41596-​023-​00888-7

	35.	 Kim BR, Shin J, Guevarra RB et al (2017) Deciphering diversity 
indices for a better understanding of microbial communities. J 
Microbiol Biotechnol. https://​doi.​org/​10.​4014/​jmb.​1709.​09027

	36.	 van der Heijden GT, Donders AR, Stijnen T, Moons K (2006) 
Imputation of missing values is superior to complete case analy-
sis and the missing-indicator method in multivariable diagnostic 
research: A clinical example. J Clin Epidemiol. https://​doi.​org/​
10.​1016/j.​jclin​epi.​2006.​01.​015

	37.	 Azur MJ, Stuart EA, Frangakis C, Leaf PJ (2011) Multiple 
imputation by chained equations: what is it and how does it 
work? Int J Methods Psychiatr Res. https://​doi.​org/​10.​1002/​mpr.​
329

	38.	 Honaker J, King G, Blackwell M 2011 Amelia II: A program for 
missing data. J Stat Softw https://​doi.​org/​10.​18637/​jss.​v045.​i07

	39.	 Tahara T, Yamamoto E, Suzuki H et al (2014) Fusobacterium 
in colonic flora and molecular features of colorectal carcinoma. 
Cancer Res. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​13-​1865

	40.	 Li YY, Ge QX, Cao J et al (2016) Association of Fusobacterium 
nucleatum infection with colorectal cancer in Chinese patients. 
World J Gastroenterol. https://​doi.​org/​10.​3748/​wjg.​v22.​i11.​
3227

	41.	 Gao R, Kong C, Huang L et al (2017) Mucosa-associated micro-
biota signature in colorectal cancer. Eur J Clin Microbiol Infect 
Dis. https://​doi.​org/​10.​1007/​s10096-​017-​3026-4

	42.	 Amitay EL, Werner S, Vital M et al (2017) Fusobacterium and 
colorectal cancer: causal factor or passenger? Results from a 
large colorectal cancer screening study. Carcinogenesis. https://​
doi.​org/​10.​1093/​carcin/​bgx053

	43.	 Narii N, Zha L, Sobue T et al (2023) Association between diet 
and Fusobacterium nucleatum in the feces of healthy adults: a 

https://doi.org/10.1016/j.chom.2013.07.007
https://doi.org/10.1038/NCOMMS9727
https://doi.org/10.1038/NCOMMS9727
https://doi.org/10.1016/J.CGH.2018.04.030
https://doi.org/10.1016/J.CGH.2018.04.030
https://doi.org/10.1001/JAMAONCOL.2016.6374
https://doi.org/10.1001/JAMAONCOL.2016.6374
https://doi.org/10.1016/j.ebiom.2024.104980
https://doi.org/10.1016/j.ebiom.2024.104980
https://doi.org/10.1038/s41467-021-27112-y
https://doi.org/10.1038/s41467-021-27112-y
https://doi.org/10.1158/1055-9965.EPI-07-0648
https://doi.org/10.1158/1055-9965.EPI-07-0648
https://doi.org/10.1158/0008-5472.CAN-06-4275
https://doi.org/10.1158/0008-5472.CAN-06-4275
https://doi.org/10.1158/1055-9965.EPI-15-0039
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1158/1055-9965.EPI-20-1823
https://doi.org/10.1016/j.gastha.2025.100644
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1371/journal.pone.0227434
https://doi.org/10.1371/journal.pone.0227434
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1038/s41587-023-01696-w
https://doi.org/10.1038/s41587-023-01696-w
https://doi.org/10.1126/science.aay9189
https://doi.org/10.1038/s41596-023-00888-7
https://doi.org/10.4014/jmb.1709.09027
https://doi.org/10.1016/j.jclinepi.2006.01.015
https://doi.org/10.1016/j.jclinepi.2006.01.015
https://doi.org/10.1002/mpr.329
https://doi.org/10.1002/mpr.329
https://doi.org/10.18637/jss.v045.i07
https://doi.org/10.1158/0008-5472.CAN-13-1865
https://doi.org/10.3748/wjg.v22.i11.3227
https://doi.org/10.3748/wjg.v22.i11.3227
https://doi.org/10.1007/s10096-017-3026-4
https://doi.org/10.1093/carcin/bgx053
https://doi.org/10.1093/carcin/bgx053


Cancer Causes & Control           (2026) 37:45 	 Page 15 of 15     45 

hospital-based cross-sectional study. Cancer Prev Res. https://​
doi.​org/​10.​1158/​1940-​6207.​CAPR-​22-​0399

	44.	 Kyaw TS, Upadhyay V, Tolstykh I et al (2023) Variety of fruit 
and vegetables and alcohol intake are associated with gut micro-
bial species and gene abundance in colorectal cancer survivors. 
Am J Clin Nutr. https://​doi.​org/​10.​1016/j.​ajcnut.​2023.​07.​011

	45.	 Shimomura Y, Zha L, Komukai S et al (2023) Mediation effect 
of intestinal microbiota on the relationship between fiber intake 
and colorectal cancer. Int J Cancer 152(9):1752–1762. https://​
doi.​org/​10.​1002/​ijc.​34398

	46.	 Serrano D, Pozzi C, Guglietta S et al (2021) Microbiome as 
mediator of diet on colorectal cancer risk: the role of Vitamin 
D. Mark Inflamm Adipokines Nutr 13(2):1–19. https://​doi.​org/​
10.​3390/​NU130​20363

	47.	 Han YW (2015) Fusobacterium nucleatum: a commensal-turned 
pathogen. Curr Opin Microbiol. https://​doi.​org/​10.​1016/j.​mib.​
2014.​11.​013

	48.	 Piawah S, Kyaw TS, Trepka K et al (2023) Associations between 
the gut microbiota, race, and ethnicity of patients with colo-
rectal cancer: a pilot and feasibility study. Cancers (Basel) 
15(18):4546. https://​doi.​org/​10.​3390/​cance​rs151​84546

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1158/1940-6207.CAPR-22-0399
https://doi.org/10.1158/1940-6207.CAPR-22-0399
https://doi.org/10.1016/j.ajcnut.2023.07.011
https://doi.org/10.1002/ijc.34398
https://doi.org/10.1002/ijc.34398
https://doi.org/10.3390/NU13020363
https://doi.org/10.3390/NU13020363
https://doi.org/10.1016/j.mib.2014.11.013
https://doi.org/10.1016/j.mib.2014.11.013
https://doi.org/10.3390/cancers15184546

	Associations of epidemiologic risk factors with Fusobacterium nucleatum and bacterial alpha diversity in the colorectal tumor-associated microbiota
	Abstract
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study Population
	Exposures: epidemiologic risk factors
	Study outcomes: F. nucleatum enrichment and presence and tumor tissue alpha diversity
	Tissue collection and bacterial DNA extraction
	Targeted assay for F. nucleatum
	F. nucleatum presence and enrichment
	16S rRNA gene sequencing and bioinformatic processing
	Tumor tissue alpha diversity

	Statistical analysis

	Results
	F. nucleatum enrichment and presence
	Alpha diversity

	Discussion
	Strengths and limitations
	References


