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BACKGROUND AND AIMS: Fusobacterium nucleatum (Fn) is linked
to colorectal cancer (CRC) etiology and survival. We hypothesized that
CRC tumor attributes and survival are associated with the amount and
presence of Fn in tumors. METHODS: Fn abundance was measured
via droplet digital polymerase chain reaction in patient-matched CRC
tumor and normal tissue samples from 859 Puget Sound CRC Cohort
participants. Fn enrichment was defined as the continuous difference
in normalized abundance between patient-matched tumor and
normal tissue samples. Fn presence in tumor was classified categor-
ically as not present, low, or high, regardless of Fn status in matched
normal tissue. Associations of Fn enrichment and presence with tu-
mor site, stage, DNA mismatch repair (MMR) status, CpG island
methylator phenotype (CIMP) status, BRAF and KRAS mutation status,
and molecular subtypes based on combinations of tumor markers
were assessed using logistic regression. Associations of Fn enrichment
and presence with CRC survival was estimate with Cox regression.
RESULTS: Fn was present in 20% of tumor tissues and 10% of
normal tissues, with higher average abundance in tumors. High Fn
presence was independently associated with deficient MMR (dMMR)
status and in the context of molecular subtypes for type 1 tumors
(dMMR, CIMP-high, BRAF-mutated) and type 5 tumors (AMMR, CIMP-
low or negative, BRAF-wildtype). Fn enrichment was associated with
type 5 and type 2 tumors (proficient MMR, CIMP-high, BRAF-
mutated). Fn enrichment and presence were associated with poorer
CRC survival, with some suggestion that associations differed by MMR
status. CONCLUSION: Detectable Fn in CRC tissue is associated with
certain CRC tumor attributes and survival; however, associations may
vary based on Fn definition.

Keywords: Fusobacterium; Intratumoral Microbiome; Tumor
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Introduction

Bacteria of the genus Fusobacterium are common
residents of the human oral microbiome." Although
Fusobacterium spp. are found infrequently in the healthy

human gut,” growing evidence implicates this genus,
particularly Fusobacterium nucleatum (Fn), in the etiology
and progression of colorectal cancer (CRC).””’

Since Castellarin et al. first described an overabundance of
Fn in CRC relative to adjacent normal tissue in 2012,% several
studies have provided further support that this species is
enriched in a subset of colorectal tumors.®** In particular, the
presence of Fn is more common in colorectal tumors arising in
the proximal colon,'®**1* and in tumors that exhibit deficient
mismatch repair (AMMR) or high microsatellite instability
(MSI),'***> the CpG island methylator phenotype
(CIMP),"***'” and somatic BRAF mutations."*"® The presence
of these bacteria in CRC are also associated with poorer sur-
vival and more advanced stage at diagnosis.'*'>'?° Using
data from longitudinal studies, Mima et al. suggested that
these associations with survival'® and with tumor site'” are
most pronounced for those with colorectal tumors exhibiting
higher quantified levels of Fn in tumor.

Despite growing evidence as to the significance of Fn in
CRC, most studies focused on the epidemiology of these
bacteria in CRC have been limited by small sample size or by
methodological constraints. Using data and biospecimens
from the large population-based Puget Sound Colorectal
Cancer Cohort (PSCCC), we examined the relationship of Fn

Abbreviations used in this paper: CIMP, CpG island methylator phenotype;
CRC, colorectal cancer; Cl, confidence interval; dMMR, deficient
mismatch repair; FFPE, formalin-fixed paraffin-embedded; Fn, Fuso-
bacterium nucleatum; MSI, microsatellite instability; MMR, mismatch
repair; OR, odds ratio; pMMR, proficient mismatch repair; PSCCC, Puget
Sound Colorectal Cancer Cohort.
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status in colorectal tumor tissue with other prognostically
relevant colorectal tumor markers, established molecular
subtypes, and survival.

Methods and Materials
Study Population

The PSCCC is comprised of study participants from the
Seattle site of the Colon Cancer Family Registry”! and includes
additional participants from a parallel extension study.”? The
Seattle site of the Colon Cancer Family Registry enrolled study
participants who were diagnosed with incident invasive CRC
between 1998 and 2007 while residing in western Washington
State and who were between the ages of 20 and 74 years at the
time of diagnosis. Additional criteria for the extension study
were female sex and newly diagnosed with invasive CRC be-
tween 1998 and 2002. Eligible prospective participants for the
PSCCC were identified through the Surveillance, Epidemiology,
and End Results cancer registry serving the Seattle-Puget
Sound region.

Inclusion was further limited to English speakers with
available telephone numbers and baseline epidemiologic
questionnaire completion (N = 2264). The questionnaire
included information regarding demographics, lifestyle, medical
history, and family history of cancer. The analysis was further
restricted to individuals with DNA that could be extracted from
matched tumor and normal colorectal tissue (N = 898).

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 institu-
tional review board of the Fred Hutchinson Cancer Center
(IR#8650).

Vital Status and Clinicopathologic Factors

Information regarding the vital status and cause and
approximate date of death were obtained from the cancer
registry via regular linkage to the National Death Index. Vital
status information was updated in May 2022. Deaths classified
as International Classification of Disease 10 codes C18.0-C20.0
or C26.0 were attributed to CRC. Tumors located in the cecum
through the transverse colon were grouped as proximal colon
cancers (ICD-0-3 codes €180, C182, C183, and C184). Tumors
in the splenic flexure through the sigmoid colon were classified
as distal colon cancers (C185, C186, C187), while those in the
rectosigmoid junction (C199) and rectum (C209) were grouped
together as rectal cancers. Tumor stage at diagnosis was clas-
sified according to Surveillance, Epidemiology, and End Results
conventions as localized, regional, or distant stage.

Tumor Collection, Tumor Markers, and Tumor
Subtype Classification

Formalin-fixed paraffin-embedded (FFPE) diagnostic tumor
tissue specimens were obtained from treating institutions for
consenting study participants, as were FFPE tissue specimens
from tumor-adjacent normal tissue.

Somatic DNA extracted from tumor tissue specimens was
used to test for several established tumor markers, including
MSI or MMR deficiency status, somatic BRAF c.1799T>A
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(p.V600OE) and KRAS mutation status (in codons 12-13), and
CIMP status. Methods for collecting data on these tumor
markers have been described elsewhere.”* MMR or MSI status
was dichotomized as MMR deficient or MSI-high (dMMR) vs
MMR proficient or not MSI-high (pMMR). CIMP status was
dichotomized as CIMP-high vs CIMP-low/negative. BRAF and
KRAS mutation status were each dichotomized as mutated vs
not mutated.

Consistent with previously suggested®* and evaluated®
molecular classifications, we defined tumor subtypes as fol-
lows: 1) “type 1” (ie, dMMR, CIMP-high, BRAF-mutated, not
KRAS mutated); 2) “type 2” (ie, pMMR, CIMP-high, BRAF-
mutated, not KRAS mutated); 3) “type 3” (ie, pMMR, CIMP-low
or neg, not BRAF-mutated, KRAS-mutated); 4) “type 4" (ie,
pMMR, not CIMP-high, not BRAF-mutated, not KRAS-mutated);
and 5) “type 5” (ie, AMMR, not CIMP-high, not BRAF-mutated,
not KRAS mutated).

Bacterial DNA Extraction and Fn Testing

A description of the bacterial DNA extraction process and
the assay used to determine the presence and extent of Fn in
tissues is included in the Supplemental Materials section.

Fn enrichment and Presence

Testing for Fn in both tumor and matched normal tissue
samples from each study participant allowed us to define Fn
status based not only on the presence of these bacteria in tu-
mor tissue but also on the extent to which these bacteria were
specifically enriched in tumor tissue relative to matched adja-
cent normal tissue. Thus, we considered 2 operationalizations
of Fn status: enrichment and presence. Enrichment was defined
as the continuous difference in normalized Fn counts in tumor
vs in matched normal tissue (where positive values indicated
that the normalized count of Fn in tumor was higher than that
in matched normal tissue). Fn presence in tumor was classified
categorically as not present, low (normalized Fn counts in tu-
mor >0 but less than the median level among those positive for
Fn), or high (normalized Fn counts in tumor greater than or
equal to the median), without regard to Fn status in matched
normal tissue.

Statistical Analysis

We conducted logistic regression analyses to examine as-
sociations of Fn enrichment and presence with tumor charac-
teristics, individual tumor markers (MMR, CIMP, BRAF and
KRAS mutation status), and molecular subtypes based on tumor
marker combinations. Fn enrichment was evaluated as a
continuous variable and was transformed to estimate the
change associated with a difference of 0.10 counts in Fn; Fn
presence was examined as a categorical variable. Analyses were
adjusted for age at CRC diagnosis, sex, and all other analyzed
tumor attributes. Models for Fn enrichment were further
adjusted for normalized normal tissue Fn abundance.

Cox proportional hazards regression were used to evaluate
the associations of Fn enrichment and presence with CRC sur-
vival and we explored whether MMR status modified the as-
sociation. Time was measured in days since diagnosis, with left
truncation to account for the time between diagnosis and
enrollment (median = 7.2 months). Participants alive at their
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last vital status assessment were censored at that date; persons
who died due to causes other than CRC were censored at the
time of death. Proportional hazards assumptions were assessed
by testing for a nonzero slope of the scaled Schoenfeld residuals
on ranked failure times.

Missing Data

Individuals with missing data for >2 tumor markers were
excluded from the analysis (N = 39). Multiple imputation was
used to approximate tumor subtype classification status for cases
with missing data for 1 (N = 269) or 2 (N = 33) of the 4 tumor
markers used in subtype classification.”>*® The imputation model
included variables for tumor markers, stage at diagnosis, tumor
site, sex, age at diagnosis, diagnosis year, body mass index, height,
smoking history, use of nonsteroidal anti-inflammatory drugs at
diagnosis, history of endoscopic screening before diagnosis, time
from diagnosis to interview, Fn status, censoring indicators, and
analysis time. Iterative rounds of imputation (N = 100) were
performed using the Amelia II package?’ in R version 4.1.2.%%
Tumor subtype classifications were thus determined based on
assayed and imputed tumor markers as necessary.

Results

Study participants’ mean age at diagnosis was 57 years
and 55% were female. About 45% of individuals had tumors
located in the proximal colon and 57% had regional stage
tumors. Participants identified as having low or high Fn
presence in tumor were more likely to be female than male
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(P =.01) than were those with no Fn present in tumor (67%
and 63% vs 52%, respectively). In addition, compared to
those with no detected Fn in tumor, participants with high
Fn presence were more likely to have tumors located in the
proximal colon (66% vs 41%, P < .001), diagnosed at
regional stage (65% vs 56%, P = .5), and to have tumors
exhibiting dMMR (44% vs 13%, P < .001), CIMP-high status
(40% vs 16%, P < .001), and somatic BRAF c.1799T>A
(p.V600E) mutations (26% vs 11%, P < .001) (Table 1).
Table 2 shows the distribution of normalized Fn counts by
tissue type and MMR status.

After multivariable adjustment, Fn enrichment and
presence were not significantly associated with tumor site,
stage at diagnosis, CIMP-high, or BRAF and KRAS mutation
status (Table 3). High Fn presence was positively associated
with dMMR status (odds ratio (OR) vs absent = 3.47; 95%
confidence interval (CI): 1.81-6.66); however, no significant
association was observed between Fn enrichment and
dMMR status (OR = 1.04, 95% CI: 0.96-1.13).

Consistent with findings of association with dMMR sta-
tus after adjusting for other tumor markers, high Fn pres-
ence was associated with types 1 and 5 tumor classification
(OR = 5.33; 95% CI: 2.25-12.62, OR = 3.20; 95% CI:
1.15-8.88) (Table 4). Both subtypes were also suggestively
associated with Fn enrichment (OR = 1.23; 95% CI:
1.00-1.51 and OR 1.29; 95% CI 1.05-1.59, respectively).
Type 2 tumor classification was associated with Fn enrich-
ment (OR 1.30; 95% CI 1.06-1.60), but not Fn presence.

Table 1. Characteristics of Colorectal Cancer Patients by Fn Presence (N = 859)

Overall Not present Low High
Characteristic N = 8597 N = 6837 N = 90° N = 867 P°
Fn enrichment 0.000 (0.000, 0.000) 0.000 (0.000, 0.000) 0.004 (0.001, 0.010) 0.079 (0.041, 0.190) <.001
Age at diagnosis (y) (standard deviation) 57 (12) 57 (12) 58 (12) 58 (13) 5
Sex .01
Male 389 (45%) 327 (48%) 30 (33%) 32 (37%)
Female 470 (55%) 356 (52%) 60 (67%) 54 (63%)
Tumor site <.001
Proximal 387 (45%) 279 (41%) 51 (57%) 57 (66%)
Distal 244 (29%) 201 (30%) 27 (30%) 16 (19%)
Rectal 223 (26%) 199 (29%) 11 (12%) 13 (15%)
Missing 5 4 1 0
Stage at diagnosis 55
Local 260 (31%) 212 (32%) 27 (31%) 21 (24%)
Regional 479 (57%) 375 (56%) 48 (55%) 56 (65%)
Distant 102 (12%) 80 (12%) 13 (15%) 9 (10%)
Missing 18 16 2 0
dMMR 152 (18%) 86 (13%) 30 (36%) 36 (44%) <.001
Missing 30 20 6 4
CIMP-high 124 (20%) 78 (16%) 20 (29%) 26 (40%) <.001
Missing 241 200 20 21
BRAF-mutated 112 (13%) 73 (11%) 17 (20%) 22 (26%) <.001
Missing 14 11 3 0
KRAS-mutated 256 (32%) 209 (33%) 27 (31%) 20 (25%)
Missing 48 40 2 6 4

@Mean (SD) or n (%).

PKruskal-Wallis rank sum test; Pearson’s Chi-squared test.
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Table 2. Distribution of Normalized Fn Counts by Tissue type and MMR Status (N = 829)

Minimum Quartile 1 Median Mean Quartile 3 Max
dMMR
Normal <0.000001 <0.000001 <0.000001 0.007166 <0.000000 0.608800
Tumor <0.000001 <0.000001 <0.000001 0.08758 <0.02092 3.13230
pMMR
Normal <0.000001 <0.000001 <0.000001 0.002333 <0.00000 0.26650
Tumor <0.000001 <0.000001 <0.000001 0.02091 <0.00000 5.06310

Table 3. Association Between Fn enrichment and Tumor Attributes in Colorectal Cancer Patients (N = 859)

Exposure: Fn enrichment?

Exposure: Fn presence (vs Negative)”

Low High

Outcome: Tumor attributes OR?  95% CI  Pvalue OR3 95% Cl Pvalue OR° 95% Cl P value
Tumor site

Right-Sided Ref - - Ref - - Ref - -

Left-Sided 1.00  (0.93,1.08) 98 1.03 (059, 1.81) 92 069 (0.36,1.33) 27

Rectal 081 (0.55,1.2) 30 050 (0.4, 1.06) 07 068 (0.32,1.42) 30
Stage at diagnosis

Local Ref - - Ref - - Ref - -

Regional 1.08  (0.97,1.2) A7 1.06  (0.63, 1.78) 83 1.67 (095, 2.92) 07

Distant 091  (0.61, 1.36) 65 170 (0.8, 3.6) 17 158  (0.66,3.78) 31
dMMR 1.04 (0.96, 1.13) .32 3.42 (1.74, 6.72) <.001 3.47 (1.81, 6.66) <.001
CIMP-high 1.08 (0.98, 1.18) 12 0.94 (0.38, 2.35) .90 1.81 (0.8, 4.08) 15
BRAF-mutated 0.97 (0.91, 1.04) .39 0.86 (0.31, 2.41) 77 0.61 (0.25, 1.51) .28
KRAS-mutated 095  (0.83,1.08) 44 111 (0.66, 1.89) 69 087 (0.49,157) 65

@Fn enrichment was defined as the continuous difference in Fn abundance (normalized to counts of a host housekeeping
gene) between patient-matched tumor and normal tissue samples. Fn enrichment was evaluated as a continuous variable and
evaluated as difference of 0.10 counts (rather than 1.0 counts).

PFn presence in tumor was classified categorically as negative, low (Fn abundance >0 but < median level among those

positive for Fn), or high (@bundance > median).
“Tumor site and stage at diagnosis were assessed using multinomial logistic regression and tumor markers were assessed
using binary logistic regression. Models were adjusted for age at diagnosis, sex, all other tumor attributes, and normal tissue

Fn abundance (Fn enrichment analyses only).

Fn enrichment and high Fn presence were both signifi-
cantly associated with poorer CRC survival after multivari-
able adjustment, including adjustment for tumor markers
and tumor site (HR 1.06; 95% CI 1.01-1.11 and HR 1.52;
95% CI 1.02-2.27, respectively). However, in analyses
stratified according to MMR status, the association of Fn
enrichment with survival was observed only among in-
dividuals with pMMR tumors (HR 1.10; 95% CI 1.05-1.16)
(Table 5). Conversely, the association of Fn presence with
survival appeared to be strongest among those with dAMMR
tumors, although this association was not statistically
significant.

Discussion

Using data from a population-based cohort of CRC pa-
tients, we examined the relationship of Fn enrichment and
presence in colorectal tumor tissue with prognostically
relevant colorectal tumor markers, established molecular

subtypes, and survival. Our findings suggest that Fn status
in CRC is associated with certain CRC tumor attributes and
survival; however, associations varied slightly according to
how Fn status was defined. In particular, the presence of
high levels of Fn in colorectal tumors was positively
associated with dMMR status, and with dMMR tumor
subtypes (ie, types 1 and 5), while enrichment of Fn in
tumor relative to adjacent normal tissue was not associ-
ated with dMMR. Associations of Fn status with survival
also varied by Fn classification metric and by dMMR status.
These findings improve our understanding as to the po-
tential mechanisms through which Fn may impact the
natural history of CRC.

Consistent with our findings, prior studies have sug-
gested that the prevalence of Fn enrichment varies by CRC
attributes. In particular, Fn prevalence has been suggested
to be more common in CRC that is dMMR,**%?3% CIMP-
high,4'6'9 and BRAF-mutated.®*?° While we observed dif-
ferences in the distribution of Fn according to all these
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Table 5. Association Between Fn enrichment and Presence of Fn in Tumor Tissue With CRC-Specific Survival in Colorectal

Cancer Patients (N = 859)

Overall dMMR pMMR
Exposure HR*¢ 95% Cl P value HR*¢ 95% Cl P value HR*¢ 95% Cl P value
Fn enrichment 1.06 (1.01, 1.11) 01 1.00 (0.88, 1.13) 99 1.10 (1.05, 1.16) <.001
Fn presence”
Negative Ref - - Ref - - Ref - -
Low 1.23 (0.81, 1.88) 32 1.58 (0.45, 5.44) 44 1.25 (0.79, 1.99) 32
High 1.52 (1.02, 2.27) .04 2.90 (0.99, 8.52) .05 1.43 (0.89, 2.29) 13

HR, hazard ratio.

@Fn enrichment was defined as the continuous difference in Fn abundance (normalized to counts of a host housekeeping
gene) between patient-matched tumor and normal tissue samples. Fn enrichment was evaluated as a continuous variable
and evaluated as difference of 0.10 counts (rather than 1.0 counts).

PFn presence in tumor was classified categorically as negative, low (Fn abundance >0 but < median level among those
positive for Fn), or high (@bundance > median).
°Estimated using Cox regression adjusted for age, sex, tumor site, CIMP, status; BRAF, and KRAS, mutation status, and
normalized Fn abundance in normal tissue (Fn enrichment only).

untangle whether Fn is likely to be acting in only localized
tumor regions or more diffusely beyond the tumor margins.
Our finding that Fn is more commonly present, and at higher
abundance, in normal colon tissue among individuals with
dMMR vs pMMR tumors further supports the etiologic dif-
ferences between these tumor types.

Strengths and Limitations

Our study is strengthened by the availability of both
tumor and adjacent normal tissue. Most tissue-based studies
investigating Fn and CRC have only assayed tumor tissue
which offers less sensitivity for evaluating tumor-localized
alterations to the gut microbial community and is subject
to confounding by external effects on the microbiota (eg,
diet, germline genetics). Another advantage of our study is
the use of a population-based cohort that allows for more
sensitive observations of differences in Fn status according
to tumor attributes relative to previous studies that have
relied on small numbers.

Our study is limited by the inability to perform longitu-
dinal analysis which prevents inferences about whether the
presence of Fn precedes the appearance of studied molecular
features in CRC. Several studies have noted Fn enrichment in
precancerous colorectal lesions,’”** which suggests that the
role of these bacteria in CRC etiology may begin at an early
stage, but additional work is needed to clarify the temporal
relationship between Fn, molecular markers, and tumor
development. Our ddPCR-based approach to characterizing Fn
also precluded any spatial analyses as to where in the tumor
(or paired normal) tissue these bacteria were localized; some
prior studies have suggested that Fn clusters into microniches
in tumor, with clustering patterns that may be associated with
cancer progression.”>** In addition, our study lacked racial
and ethnic diversity. Minoritized communities in the US
experience elevated burden of CRC*” and some research
suggests that there may be differences in the composition of

the gut microbiome across racial and ethnic groups,*® which
underscores the need for representative studies across
diverse populations. Lastly, the FFPE-based tissue samples
used in this study had varying length of storage and storage
conditions which may have introduced some bias into bacte-
rial assessment. However, paired tumor and normal tissues
were collected at the same time and were stored under the
same conditions, such that analyses of Fn enrichment (ie,
focused on the difference in normalized abundance within
paired tissues) likely mitigates some concerns regarding po-
tential contamination.

Conclusion

In conclusion, using data from a large population-based
cohort study, we evaluated the relationship of Fn status in
colorectal tumor tissue, quantified 2 different ways, with
other prognostically relevant colorectal tumor markers,
established molecular subtypes, and survival. High levels of Fn
in colorectal tumors was positively associated with dMMR
status and with dMMR tumor subtypes (ie, types 1 and 5). In
comparison, enrichment of Fn in tumor relative to adjacent
normal tissue was not associated with dMMR. Associations of
Fn status with survival also varied by Fn classification metric
and by dMMR status. Our study contributes to the growing
evidence for the complex relationship of Fn with CRC survival
and potential heterogeneity across individual tumor markers
and established molecular subtypes.

References

1. Citron DM. Update on the taxonomy and clinical aspects
of the genus Fusobacterium. Clin Infect Dis 2002;
35(Suppl 1):S22-S27.

2. Huttenhower C, Gevers D, Knight R, et al. Structure,
function and diversity of the healthy human microbiome.
Nature 2012;486(7402):207-214.

100644


http://refhub.elsevier.com/S2772-5723(25)00031-7/sref1
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref1
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref1
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref1
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref2
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref2
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref2
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref2

2025

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Castellarin M, Warren RL, Freeman JD, et al. Fuso-

bacterium nucleatum infection is prevalent in human
colorectal carcinoma. Genome Res 2012;22(2):299-306.
Kostic AD, Chun E, Robertson L, et al. Fusobacterium
nucleatum potentiates intestinal tumorigenesis and
modulates the tumor-immune microenvironment. Cell
Host Microbe 2013;14(2):207-215.

Rubinstein MR, Wang X, Liu W, et al. Fusobacterium
nucleatum promotes colorectal carcinogenesis by
modulating E-cadherin/B-catenin signaling via its FadA
adhesin. Cell Host Microbe 2013;14(2):195-206.

Abed J, Emgard JEM, Zamir G, et al. Fap2 mediates
fusobacterium nucleatum colorectal adenocarcinoma
enrichment by binding to tumor-expressed gal-GalNAc.
Cell Host Microbe 2016;20(2):215-225.

Yang Y, Weng W, Peng J, et al. Fusobacterium nuclea-
tum increases proliferation of colorectal cancer cells and
tumor development in mice by activating toll-like re-
ceptor 4 signaling to nuclear Factor—«B, and up-
regulating expression of MicroRNA-21. Gastroenter-
ology 2017;152(4):851-866.e24.

Flanagan L, Schmid J, Ebert M, et al. Fusobacterium
nucleatum associates with stages of colorectal
neoplasia development, colorectal cancer and disease
outcome. Eur J Clin Microbiol Infect Dis 2014;
33(8):1381-1390.

Mima K, Nishihara R, Qian ZR, et al. Fusobacterium
nucleatum in colorectal carcinoma tissue and patient
prognosis. Gut 2016;65(12):1973-1980.

Yu J, Chen Y, Fu X, et al. Invasive Fusobacterium
nucleatum may play a role in the carcinogenesis of
proximal colon cancer through the serrated neoplasia
pathway. Int J Cancer 2016;139(6):1318-1326.

Purcell RV, Visnovska M, Biggs PJ, et al. Distinct gut
microbiome patterns associate with consensus molec-
ular subtypes of colorectal cancer. Sci Rep 2017;
7(1):11590.

Nosho K, Sukawa Y, Adachi Y, et al. Association of
Fusobacterium nucleatum with immunity and molecular
alterations in colorectal cancer. World J Gastroenterol
2016;22(2):557-566.

Mima K, Cao Y, Chan AT, et al. Fusobacterium nuclea-
tum in colorectal carcinoma tissue according to tumor
location. Clin Transl Gastroenterol 2016;7(11):e200.

de Carvalho AC, de Mattos Pereira L, Datorre JG, et al.
Microbiota profile and impact of fusobacterium nuclea-
tum in colorectal cancer patients of barretos cancer
hospital. Front Oncol 2019;9:813.

Kim Y, Cho NY, Kang GH. Prognostic and clinicopath-
ological significance of Fusobacterium nucleatum in
colorectal cancer: a systemic review and meta-analysis.
J Pathol Transl Med 2022;56(3):144-151.

Lee JB, Kim KA, Cho HY, et al. Association between
Fusobacterium nucleatum and patient prognosis in
metastatic colon cancer. Sci Rep 2021;11(1):3389-3395.
lto M, Kanno S, Nosho K, et al. Association of Fuso-
bacterium nucleatum with clinical and molecular features
in colorectal serrated pathway. Int J Cancer 2015;
137(6):1258-1268.

Yamaoka Y, Suehiro Y, Hashimoto S, et al. Fusobacte-
rium nucleatum as a prognostic marker of colorectal

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

100644

Fusobacterium nucleatum enrichment and CRC survival 7

cancer in a Japanese population. J Gastroenterol 2018;
53(4):517-524.

Kunzmann AT, Proenca MA, Jordao HW, et al. Fuso-
bacterium nucleatum tumor DNA levels are associated
with survival in colorectal cancer patients. Eur J Clin
Microbiol Infect Dis 2019;38(10):1891-1899.

Borozan |, Zaidi SH, Harrison TA, et al. Molecular and
pathology features of colorectal tumors and patient
outcomes are associated with fusobacterium nucleatum
and its subspecies animalis. Cancer Epidemiol Bio-
markers Prev 2022;31(1):210-220.

Newcomb PA, Baron J, Cotterchio M, et al. Colon
Cancer Family Registry: an international resource for
studies of the genetic epidemiology of colon cancer.
Cancer Epidemiol Biomarkers Prev 2007;
16(11):2331-2343.

Newcomb PA, Zheng Y, Chia VM, et al. Estrogen plus
progestin use, microsatellite instability, and the risk of
colorectal cancer in women. Cancer Res 2007;
67(15):7534-75309.

Phipps Al, Limburg PJ, Baron JA, et al. Association
between molecular subtypes of colorectal cancer
and patient survival. Gastroenterology 2015;148(1):
77-87.e2.

Jass JR. Classification of colorectal cancer based on
correlation of clinical, morphological and molecular fea-
tures. Histopathology 2007;50(1):113-130.

van der Heijden GJMG, Donders ART, Stijnen T, et al.
Imputation of missing values is superior to complete
case analysis and the missing-indicator method in
multivariable diagnostic research: a clinical example.
J Clin Epidemiol 2006;59(10):1102-1109.

Azur MJ, Stuart EA, Frangakis C, et al. Multiple
imputation by chained equations: what is it and how
does it work? Int J Methods Psychiatr Res 2011;
20(1):40-49.

Honaker J, King G, Blackwell M. Amelia ll: a program for
missing data. J Stat Softw 2011;45(7):1-47.

R Core Team. R: a language and environment for sta-
tistical computing. Vienna, Austria: R Foundation for
Statistical Computing, 2021.

Suehiro Y, Sakai K, Nishioka M, et al. Highly sensitive
stool DNA testing of Fusobacterium nucleatum as a
marker for detection of colorectal tumours in a
Japanese population. Ann Clin Biochem 2017;
54(1):86-91.

Ono T, Yamaguchi T, Takao M, et al. Fusobacterium
nucleatum load in MSI colorectal cancer subtypes. Int J
Clin Oncol 2022;27(10):1580-1588.

Weng MT, Chiu YT, Wei PY, et al. Microbiota and
gastrointestinal cancer. J Formos Med Assoc 2019;
118(Suppl 1):S32-S41.

Moncrief JS, Obiso R, Barroso LA, et al. The enterotoxin
of Bacteroides fragilis is a metalloprotease. Infect Immun
1995;63(1):175-181.

Irrazabal T, Belcheva A, Girardin SE, et al. The multifac-
eted role of the intestinal microbiota in colon cancer. Mol
Cell 2014;54(2):309-320.

Zackular JP, Baxter NT, Iverson KD, et al. The gut
microbiome modulates colon tumorigenesis. mBio 2013;
4(6):e00692-13.


http://refhub.elsevier.com/S2772-5723(25)00031-7/sref3
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref3
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref3
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref3
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref4
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref4
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref4
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref4
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref4
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref5
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref5
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref5
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref5
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref5
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref6
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref6
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref6
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref6
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref6
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref7
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref8
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref8
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref8
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref8
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref8
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref8
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref9
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref9
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref9
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref9
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref10
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref10
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref10
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref10
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref10
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref11
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref11
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref11
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref11
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref12
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref12
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref12
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref12
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref12
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref13
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref13
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref13
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref14
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref14
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref14
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref14
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref15
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref15
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref15
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref15
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref15
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref16
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref16
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref16
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref16
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref17
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref17
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref17
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref17
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref17
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref18
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref18
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref18
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref18
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref18
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref19
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref19
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref19
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref19
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref19
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref20
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref20
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref20
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref20
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref20
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref20
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref21
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref21
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref21
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref21
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref21
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref21
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref22
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref22
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref22
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref22
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref22
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref23
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref23
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref23
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref23
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref23
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref24
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref24
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref24
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref24
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref25
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref25
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref25
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref25
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref25
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref25
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref26
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref26
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref26
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref26
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref26
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref27
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref27
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref27
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref28
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref28
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref28
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref29
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref29
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref29
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref29
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref29
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref29
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref30
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref30
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref30
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref30
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref31
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref31
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref31
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref31
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref32
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref32
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref32
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref32
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref33
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref33
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref33
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref33
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref34
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref34
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref34

8

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Phipps et al

Arthur JC, Perez-Chanona E, Mihlbauer M, et al. Intes-
tinal inflammation targets cancer-inducing activity of the
microbiota. Science 1979;2012(6103):338.

Yang Y, Wang X, Moore DR, et al. TNF-a mediates
macrophage-induced bystander effects through netrin-1.
Cancer Res 2012;72(20):5219-5229.

Balish E, Warner T. Enterococcus faecalis induces in-
flammatory bowel disease in interleukin-10 knockout
mice. Am J Pathol 2002;160(6):2253-2257.

Belcheva A, Irrazabal T, Robertson SJ, et al. Gut micro-
bial metabolism drives transformation of msh2-deficient
colon epithelial cells. Cell 2014;158(2):288-299.
Salvucci M, Crawford N, Stott K, et al. Patients with
mesenchymal tumours and high Fusobacteriales preva-
lence have worse prognosis in colorectal cancer (CRC).
Gut 2022;71(8):1600-1612.

Ou S, Wang H, Tao Y, et al. Fusobacterium nucleatum
and colorectal cancer: from phenomenon to mechanism.
Front Cell Infect Microbiol 2022;12:1020583.

Warren RL, Freeman DJ, Pleasance S, et al. Co-occur-
rence of anaerobic bacteria in colorectal carcinomas.
Microbiome 2013;1(1):16.

Feng Q, Liang S, Jia H, et al. Gut microbiome develop-
ment along the colorectal adenoma-carcinoma
sequence. Nat Commun 2015;6:6528.

Huo RX, Wang YJ, Hou SB, et al. Gut mucosal micro-
biota profiles linked to colorectal cancer recurrence.
World J Gastroenterol 2022;28(18):1946-1964.

Galeano Nino JL, Wu H, LaCourse KD, et al. Effect of the
intratumoral microbiota on spatial and cellular hetero-
geneity in cancer. Nature 2022;611(7937):810-817.
Carethers JM. Racial and ethnic disparities in colorectal
cancer incidence and mortality. Adv Cancer Res 2021;
151:197-229.

Chen J, Ryu E, Hathcock M, et al. Impact of de-
mographics on human gut microbial diversity in a US
Midwest population. Peerd 2016;2016(1):e1514.

Gastro Hep Advances Vol. 4, Iss. 6

Received October 28, 2024. Accepted February 13, 2025.

Correspondence:

Address correspondence to: Amanda |. Phipps, Department of Epidemiology,
Hans Rosling Center for Population Health, Box 351619, Seattle, WA 98195.
e-mail: aphipps@fhcrc.org.

Authors’ Contributions:

Amanda | Phipps: Funding acquisition; Conceptualization; Writing — original
draft. Courtney M Hill: Formal analysis; Writing — original draft. Genevieve Lin:
Formal analysis; Writing — review and editing. Rachel C Malen: Project
administration; Writing — review and editing. Adriana M Reedy: Project
administration. Orsalem Kahsai: Writing — review and editing. Hamza Ammar:
Writing — review and editing. Keith Curtis: Writing — review and editing. Ningxin
Ma: Writing — review and editing. Timothy W Randolph: Writing — review and
editing. Jing Ma: Writing — review and editing. Shuji Ogino: Funding acquisition;
Conceptualization; Writing — review and editing. Polly A Newcomb: Funding
acquisition; Writing — review and editing. Meredith AJ Hullar: Conceptualiza-
tion; Writing — review and editing.

Conflicts of Interest:
The authors disclose no conflicts.

Funding:

This work was supported by the National Cancer Institute at the National In-
stitutes of Health (R01CA217970, U0O1CA167551 to A.l.P, RO1CAQ076366 to
P.AN.), and through cooperative agreements with members of the Colon
Cancer Family Registry and Principal Investigators. The content of this
manuscript does not necessarily reflect the views or policies of the National
Institutes of Health or any of the collaborating centers in the Colon Cancer
Family 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 Cancer Research UK Grand
Challenge Award (C10674/A27140, to Shuji Ogino) Shuji Ogino is American
Cancer Society Clinical Research Professor (grant number: CRP-24-1185864-
01-PROF).

Ethical Statement:
This study was approved by the Institutional Review Board of the Fred
Hutchinson Cancer Center (IR#8650).

Data Transparency Statement:

Data elements from the Colon Cancer Family Registry are available for public
access via the database of Genotypes and Phenotypes (dbGaP) and microbial
data can be made available upon reasonable request to the corresponding
author (A.L.P.).

Reporting Guidelines:
STROBE.

100644


http://refhub.elsevier.com/S2772-5723(25)00031-7/sref35
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref35
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref35
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref36
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref36
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref36
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref36
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref37
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref37
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref37
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref37
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref38
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref38
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref38
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref38
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref39
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref39
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref39
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref39
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref39
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref40
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref40
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref40
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref41
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref41
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref41
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref42
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref42
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref42
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref43
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref43
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref43
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref43
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref44
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref44
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref44
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref44
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref45
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref45
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref45
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref45
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref46
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref46
http://refhub.elsevier.com/S2772-5723(25)00031-7/sref46
mailto:aphipps@fhcrc.org

	Fusobacterium nucleatum Enrichment in Colorectal Tumor Tissue: Associations With Tumor Characteristics and Survival Outcomes
	Introduction
	Methods and Materials
	Study Population
	Vital Status and Clinicopathologic Factors
	Tumor Collection, Tumor Markers, and Tumor Subtype Classification
	Bacterial DNA Extraction and Fn Testing
	Fn enrichment and Presence
	Statistical Analysis
	Missing Data

	Results
	Discussion
	Strengths and Limitations

	Conclusion
	References


