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INTRODUCTION: Fecal immunochemical tests (FITs) detect colorectal adenoma inefficiently. The gut microbiota

participates in colorectal cancer development. We aimed to explore fecal microbial signatures for

advanced adenomas and evaluate their diagnostic value and complementary capacity to FIT.

METHODS: Using 16S rRNA sequencing, we studied gut microbiota in feces from 1,546 subjects in a screening

setting, including 268 patients with advanced adenomas, 490 patients with nonadvanced adenomas,

and 788 healthy subjects. Feature selections were performed using linear discriminant analysis effect

size, multivariate association with linear models, and least absolute shrinkage and selection operator.

The diagnostic performance of microbial signatures and their auxiliary role to FITs and the added value

of the Asia-Pacific Colorectal Screening score were evaluated. We applied 0.6321 bootstrapping to

adjust the potential overfitting.

RESULTS: We identified 13 microbial signatures to show the joint diagnostic value for advanced adenoma, with

genus Tyzzerella 4 demonstrating the highest adjusted area under the curve (AUC) of 0.545 (95%

confidence interval [CI], 0.520–0.610). The 13-bacteria increased the adjusted AUC to 0.607 (95%

CI, 0.548–0.660). Comparedwith individual FIT (adjusted AUC50.527; 95%CI, 0.519–0.571), 13-

bacteria and FITs collectively reached an adjusted AUC of 0.641 (95% CI, 0.579–0.691). At cutoff

values yielding specificities of 90% and 80%, the adjusted sensitivities were 28.4% (95% CI,

19.3–36.8) and 41.1% (95% CI, 29.9–49.4), respectively. The Asia-Pacific Colorectal Screening

score further boosted the adjusted AUC to 0.706 (95% CI, 0.648–0.750).

DISCUSSION: In this study using fecal samples from a screening setting, the identified microbial signatures could

complement FITs for detecting advanced adenomas. Gut microbiota can act as a promising tool to

optimize the current colorectal cancer screening modalities.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A654.
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INTRODUCTION
According to the GLOBOCAN 2018 (1), colorectal cancer (CRC)
is the third most commonly diagnosed cancer and the second
leading cause of cancer deaths worldwide. The development of
most sporadic CRC cases follows the adenoma-carcinoma se-
quence, and the progression from colorectal adenoma to invasive
cancer typically takes 5–10 years, leaving a large enough time

window for early detection and treatment (2). Because of the
continuously increasing coverage of CRC screening, a reduction
in the incidence andmortality of CRC has been observed in some
countries, including the United States (3–5). However, the cur-
rent screening modalities, including colonoscopy and the fecal
immunochemical test (FIT), have several limitations, such as a
poor compliance rate and high cost or limited diagnostic
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performance in detecting advanced adenomas (6,7). Therefore,
exploration of novel noninvasive tests for early detection of CRC,
especially precancerous lesions, is urgently required.

Previous in vivo and in vitro experiments as well as epidemi-
ological studies have demonstrated that alterations in the gut
microbial environment are closely associated with colorectal tu-
morigenesis (8,9). Furthermore, a series of fecal microbial
markers have shown significant potential for the early detection
of CRC (10–12). For instance, in a hospital-based case-control
study by Liang et al. (10) that included 203 CRC cases and 236
healthy controls, it was demonstrated that Fusobacterium
nucleatum (Fn) had gooddiscriminative power for detectingCRC
with an area under the curve (AUC) of 0.868, which could be
further enhanced by combining with 3 other bacteria, yielding an
AUC of 0.886. However, fecal microbial biomarkers for detection
of colorectal adenomas have been less explored. In addition, in
terms of translational application, such significant findings
should be prospectively validated in samples collected from
asymptomatic individuals, who represent the target screening
population. However, this was not common in previous studies
(13–15). Moreover, further improvement of the diagnostic per-
formance by combination of fecal microbial markers and the FIT,
together with the established risk stratification score of CRC, was
highly anticipated.

In this study, we conducted 16S rRNA sequencing of 1,546
fecal samples (including 268 advanced adenoma, 490 non-
advanced adenomas, and 788 controls) obtained from an ongoing
multicenter population-based CRC screening trial. By conduct-
ing a multistep selection, we aimed to explore and construct a
fecal microbial signature panel that is associated with colorectal
adenoma and further explore its auxiliary role in complementing
FIT for improving the diagnostic performance of CRC screening
for detecting advanced adenomas.

MATERIALS AND METHODS
Subject inclusion

Subjects in this study were selected from the baseline phase of the
TARGET-C study, an ongoing randomized controlled trial
comparing the effectiveness of colonoscopy, FIT, and risk-
adapted screening strategies for CRC in China. Additional details
of the study protocol have been reported previously (16,17). In
brief, residents aged 50–74 years in the study areas were recruited,
with the exclusion of the ineligible subjects according to the study
protocol. After signing the informed consent, eligible participants
were randomly assigned into 3 groups to undergo 1-time colo-
noscopy, annual FIT, and risk-adapted screening every year. All
abnormal findings during colonoscopy were checked under
standard clinical procedures and confirmed by pathological
evaluations. Final clinical diagnoses were determined according
to the most advanced finding. High-grade dysplasia, adenomas
with villous or tubular-villous histologic features, or adenomas
greater than 1 cm were classified as advanced adenomas. Healthy
controls were defined as subjects with findings of no adenomas,
including the detection of hyperplastic polyps or no polyps. This
study was approved by the Ethics Committee of the National
Cancer Center/Cancer Hospital, Chinese Academy of Medical
Sciences, and Peking Union Medical College (18-013/1615).

In total, 29 CRCs, 283 advanced adenomas, and 740 non-
advanced adenomas were detected during the baseline screening
of theTARGET-C study betweenMay 1, 2018, andApril 30, 2019.
In accordance with the study design, participants undergoing

colonoscopy were required to collect stool samples within 24
hours before bowel preparation for colonoscopy. After excluding
subjects with no available specimens, fecal samples from all 29
CRC cases, all 270 patients with advanced adenoma, randomly
selected 494 nonadvanced adenoma carriers, and 789 healthy
controls were subjected to 16S rRNA sequencing. During the
quality control process of sequencing data, 7 samples with un-
qualified data were excluded. A detailed flow diagram of the
sample selection process was shown in Figure 1.

Fecal sample collection and processing

Participants undergoing colonoscopy were instructed to collect 2
stool samples at home before bowel preparation for colonoscopy
within 24 hours. One of the collected raw stool samples was kept
in a stool-filled container, then packaged in an insulated box with
ice packs, and brought to the clinical site on the day of the colo-
noscopy. On receipt, the fecal samples were frozen at280 °C and
then transported by a cold chain to the central biobanks for
further research. The other sample was collected using the FIT
sample collection device for microbiome analysis. Existing evi-
dence suggests that feces collected by the fecal occult blood test
devices are stable at room temperature and are suitable for
microbiota studies (18). After placed in a storage box, the stool-
filled containers were delivered to a central laboratory and im-
mediately frozen at220 °C until DNA extraction. For this study,
we used fecal samples collected in the FIT tubes for 16S rRNA
sequencing.

DNA extraction and 16S rRNA gene sequencing

According to the manufacturer’s instructions, DNA was extracted
using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden,
Germany). The V4 region of the microbial 16S rRNA gene was
amplified and sequenced on the Illumina MiSeq sequencing plat-
form (Illumina, San Diego, CA). Afterward, 16S rRNA amplicon
sequences were processed based on QIIME2 (19). To avoid end-
read sequencing errors, all reads were truncated at the 150th base
and themedianQ score.20.Noisy sequences, chimeric sequences,
and singletonswere removed, and then, amplicon sequence variants
(ASVs) were inferred from the sequencing data using the DADA2
pipeline (20). Based on the Greengenes 13.8 database, the classifi-
cations for ASVs were identified using the classify-sklearn classifi-
cation methods through the q2-feature-classifier plugin (https://
data.qiime2.org/2018.11/common/gg-13-8-99-515-806-nb-classi-
fier.qza). To quantify the taxonomic composition, all sequences
were rarefied to aneven samplingdepthof 10,000.Only the taxa and
taxa present in at least 5% of the samples and with an average
relative abundance greater than 0.01% were included in the
downstream analyses. The results of relative abundances of the
microbial markers were characterized as continuous variables in
subsequent analyses.

Fecal immunochemical test

Frozen stool aliquots were used for the FIT, and hemoglobin
concentrations were tested using FIT (OC-Sensor; Eiken Chem-
ical, Tokyo, Japan) following a standard operating procedure.
First, the fecal samples were thawed at room temperature (20
°C–25 °C) for 5minutes. Then, 1-g stool in total from each sample
was separated from3detached sites and transferred into an empty
tube. Defrosted fecal samples were mixed and dipped using a
collection stick. Subsequently, the stool-filled stick was inserted
back into theOC-Sensor test tube, which wasmanually shaken 10
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times and left overnight at 4 °C. All stool samples were tested
simultaneously following the manufacturer’s instructions the
next day. The laboratory staff were blinded to the colonoscopy
results. Quantitative FIT results were characterized as a di-
chotomous variable with a threshold of 20-mg Hb/g feces in
subsequent analyses.

Asia-Pacific Colorectal Screening Score

The Asia-Pacific Colorectal Screening (APCS) score is an estab-
lished risk stratification score for selecting high-risk populations
suitable for CRC screening and comprises age, sex, family history
of CRC, and smoking (21). AmodifiedAPCS risk score with body
mass index (BMI) incorporated into the predictors has been
validated to improve the risk prediction of advanced neo-
plasia (22).

In this study, the modified APCS risk score was calculated,
which ranged from 0 to 6 and included the following risk factors:
age (50–54 years, 0; 55–64 years, 1; and 65–74 years, 2), sex
(female, 0; male, 1), family history of CRC among first-degree
relatives (absent, 0; present, 1), smoking (never smokers, 0; cur-
rent or past smokers, 1), and BMI (,23 kg/m2, 0;$23 kg/m2, 1).
Detailed information has been reported previously (17). The
APCS score was characterized as a continuous variable in sub-
sequent analyses.

Microbial diversity and composition analysis

Microbial diversity was calculated using the sequencing data at
the ASV level and presented by multiple alpha-diversity indices

calculated using the R package vegan, including richness, Shan-
non index, Simpson index, Chao1 index, pielou index, and
faith_pd index. Principal coordinates analysis was conducted to
display the microbiome space between samples by adopting the
Bray-Curtis distance matrix, also known as b-diversity. Com-
positional comparisons were performed using permutational
multivariate analysis of variance (the adonis function in the vegan
R package).

Microbial feature selection and statistical analysis

Based on the normalized relative abundance matrix, microbial
features with significant differences between the advanced ade-
noma group and the healthy control group were selected in the
following steps: (i) generating microbial feature candidates
identified by the linear discriminant analysis (LDA) effect size
(LEfSe) method (23) (http://huttenhower.sph.harvard.edu/gal-
axy/), which was embedded with the Kruskal-Wallis rank-sum
test to detect features with significantly distinct abundance in
regard to the status of interest (P, 0.05), and LDA score to assess
the effect size of each feature (LDA score5 2 as the cutoff value);
(ii) generating microbial feature candidates identified using the
multivariate association with linear models (MaAsLin) method
with the purpose of adjusting for covariates, including region, sex,
age, BMI, smoking, alcohol consumption, and physical activities,
and subjected to false discovery rate correction (Q-value, 0.25 as
the cutoff value); and (iii) for the union set of the microbial fea-
tures selected by the 2 before-mentioned methods, applying the
least absolute shrinkage and selection operator (LASSO) binary

Figure 1.Workflow diagram for the subject selection and analysis procedure.a-d, alpha-diversity;b-d, beta-diversity; AA, advancedadenoma; APCS, Asia-
Pacific Colorectal Screening; CRC, colorectal cancer; FIT, fecal immunochemical test; HC, healthy control; LASSO regression, the least absolute shrinkage
and selection operator regression; LEfSe, linear discriminant analysis effect size; MaAsLin, multivariate association with linear models; NAA, nonadvanced
adenoma.
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logistic regression procedure to select variables. MaAsLin algo-
rithm was performed in R software using the Maaslin2 package
(v.1.0.0), and the LASSO regression procedure was implemented
in R software using the glmnet package (v. 4.0-2).

Statistical analyses were performed using R software (v.3.6.3).
The differences in the distribution of categorical factors among
study groups were evaluated using the x2 test, while the Kruskal-
Wallis H test and Wilcoxon test were used to examine the dif-
ferences of continuous variables among groups. For the identified
microbialmarkers and panel, and their combinationwith FIT and
APCS scores, logistic regression models were used to construct
the predictionmodels. The diagnostic performance of eachmodel
was evaluated using the receiver operating characteristic curve,
area under the receiver operating characteristic, and sensitivity at
cutoffs yielding 80% and 90% specificity. The corresponding 95%
confidence intervals (CIs) were calculated based on 1,000 boot-
strap samples. To adjust for the potential overestimation of the
directly calculated estimators, the 0.6321 bootstrapmethod with
1,000 replicates was applied (24). The differences in apparent
diagnostic indicators between models were compared using the
Delong test (25). All apparent diagnostic indicator calculations
were performed using the pROC package (v.1.16.2), while the
0.6321 bootstrap adjusted values were calculated based on the
Daim package (v.1.1.0).

RESULTS
Study population characteristics

Because of the limitednumber of CRCcases (n5 29) and ourmain
interest in adenomas, we finally included 16S rRNA sequencing
data and metadata from 1,546 samples in the primary analyses,
including 268 patients with advanced adenoma (mean age, 61.76
6.2 years; 197 men and 71 women), 490 nonadvanced adenoma
carriers (meanage, 61.466.3 years; 317men and173women), and
788 healthy controls (mean age, 59.96 6.2 years; 378men and 410
women). More details of sociodemographic characteristics in each
group were shown in Supplementary Table S1 (Supplementary
Digital Content 1, http://links.lww.com/CTG/A654).

Gut microbial diversity alterations

No significant differences in the alpha-diversity of microbiota
were observed among the 3 groups (advanced adenomas, non-
advanced adenomas, and healthy controls) using richness, Chao
1, Shannon, Simpson, pielou, and faith_pd indices. Likewise, no
remarkable differences were detected in pairwise comparisons
(Figure 2a). At the ASV level, principal coordinates analysis was
performed at the Bray-Curtis distance, focusing on the compo-
sitional comparison of microbial communities. No significant
bacterial compositional differences between the groups were
identified by permutational multivariate analysis of variance.
Nevertheless, the first 2 principal coordinates among the patients
with advanced adenoma, nonadvanced adenoma carriers, and
healthy controls differed significantly (Figure 2b, P , 0.05).

Identification of fecal microbial markers for detecting

advanced adenomas

We mainly focused on advanced adenomas with respect to the
exploration of potential microbial markers to facilitate early de-
tection of precancerous lesions. The LEfSe analysis result (LDA
score. 2) provided a picture of the microbiota alteration between
patients with advanced adenomas and healthy controls, charac-
terized by higher relative abundances of several taxa in patients

with advanced adenomas (Figure 3a), including genus Fusobacte-
rium, an unnamed species under it and its related taxa at higher
levels; genus Tyzzerella 4 and its unnamed species; genus Phasco-
larctobacterium and related taxa at the higher level; an unnamed
species under genus Clostridium sensu stricto 1; an unnamed spe-
cies under genus Streptococcus; genus Gemella, unnamed species
under it and its related taxa at the higher level; genusActinomyces,
unnamed species under it and its related taxa at higher levels; and
genus Terrisporobacter, unnamed species under it and its related
taxa at the higher level.However, some taxaweremore abundant in
the healthy control group (Figure 3a), including genus Faecali-
bacterium and an unnamed species under it; species Blautia mas-
siliensis; an unnamed species under genus Lachnospira; species
Bacteroides thetaiotaomicron; Ruminococcaceae UCG 002 and an
unnamed species under it; genus LachnospiraceaeUCG 004 and an
unnamed species under it; an unnamed genus under family
Ruminococcaceae; genus Odoribacter and its related species and
family; species Bifidobacterium bifidum; and an unnamed species
under genus Ruminococcaceae NK4A214 group.

Taking confounders influences into consideration, MaAsLin
analysis showed that genus Fusobacterium and its related taxa;
genus Gemella and its related taxa; an unnamed species under
genus Streptococcus; and an unnamed species under genus Clos-
tridium sensu stricto 1 were still abundant in the advanced ade-
noma group. In addition, an unnamed species under genus
Rothia, genus Streptococcus and the higher family, genus Clos-
tridium sensu stricto 1 and another unnamed species under it, and
another unnamed species under genus Fusobacterium were also
identified by MaAsLin analysis (Figure 3b).

We then performed LASSO regression for further selection of
the most useful predictive features from the union set consisting of
feature candidates identified using LEfSe and MaAsLin analyses to
avoid missing out on valuable microbial markers. Of feature can-
didates, a total of 49microbial features (see SupplementaryTable S2,
Supplementary Digital Content 1, http://links.lww.com/CTG/
A654) were reduced to 13 predictors on the basis of 268 patients
with advanced adenoma and 788 healthy controls (see Supple-
mentary Figure S1, Supplementary Digital Content 1, http://links.
lww.com/CTG/A654), including genusTyzzerella 4, genusGemella,
an unnamed species under genus Faecalibacterium, genus Lach-
nospiraceae UCG 004, an unnamed genus under family Rumino-
coccaceae, genusClostridium sensu stricto 1, genus Streptococcus, an
unnamed species under genus Clostridium sensu stricto 1, an un-
named species under genusLachnospira, anunnamedspecies under
genus Fusobacterium, an unnamed species under genus Rothia,
species Bifidobacterium bifidum, and an unnamed species under
genus Fusobacterium.

Diagnostic performance of microbial markers

The apparent AUCs of 13 candidate microbial biomarkers in
detecting advanced adenoma ranged from 0.520 (95% CI,
0.494–0.547) to 0.578 (95% CI, 0.542–0.614) with genus Tyz-
zerella 4 performing best (AUC5 0.578; 95% CI, 0.542–0.614;
see Supplementary Table S3, Supplementary Digital Content 1,
http://links.lww.com/CTG/A654). Through the 0.6321 boot-
strap method, the adjusted AUCs ranged from 0.503 (95% CI,
0.483–0.548) to 0.545 (95% CI, 0.52–0.61), also with genus
Tyzzerella 4 performing best (AUC5 0.545; 95%CI, 0.52–0.61;
Supplementary Table S3, Supplementary Digital Content 1,
http://links.lww.com/CTG/A654 and Figure 4a). A logistic re-
gression model with inclusion of 13 candidate biomarkers
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demonstrated a remarkable improvement in the diagnostic
performance (apparent AUC 5 0.641; 95% CI, 0.601–0.681;
adjusted AUC 5 0.607; 95% CI, 0.548–0.660; Figures 4b
and 4c).

To determinewhethermicrobial biomarkers could be used to
improve the diagnostic performance of FIT for advanced ade-
noma, we calculated the AUC of microbiota-FIT–based and
only FIT-based logistic regression models, respectively, and
compared their diagnostic performance. Owing to the un-
available FIT results of 76 subjects, we included 248 patients
with advanced adenoma and 732 healthy controls in the sub-
sequent comparisons. Compared with individual FIT (apparent
AUC5 0.544; 95%CI, 0.525–0.564; adjustedAUC5 0.527; 95%
CI, 0.519–0.571; Figures 4b and 4c), a significant improvement
in the AUC was observed for the combination of 13 microbial
markers and FIT (apparent AUC5 0.671; 95% CI, 0.631–0.711;
adjusted AUC5 0.641; 95% CI, 0.579–0.691; P, 0.001; Figures
4b and 4c). At the recommended cutoff value suggested by the
manufacturer, the sensitivity and specificity of FIT for detecting
advanced adenoma were 10.5% and 98.4%, respectively. For the
combination of FIT and 13 microbial markers, when setting
specificity of 90%, the apparent and adjusted sensitivities were
31.5% (95% CI, 25.0–37.9) and 28.4% (95% CI, 19.3–36.8),

respectively; when setting specificity of 80%, the apparent and
adjusted sensitivities were 45.2% (95%CI, 38.3–52.0) and 41.1%
(95% CI, 29.9–49.4), respectively.

In this study, we further used the APCS score, a risk assess-
ment tool integrating 5 commonly recognized and easily col-
lected CRC-related risk factors, for additional improvement of
the diagnostic performance. Results showed that theAPCS score
could further improve the AUC of the bacteria-FIT union for
advanced adenomas from 0.671 (95% CI, 0.631–0.711) to 0.727
(95% CI, 0.691–0.763; adjusted AUC 5 0.706; 95% CI,
0.648–0.750; P , 0.001; Figures 4b and 4c). At cutoff values
yielding 90% and 80% specificities, the higher sensitivity was
observed for the tripartite combination of FIT, 13 microbial
markers, and APCS score, but was not of statistical significance
(Figure 4c). Similarly, added microbial features panel could
further promote the diagnostic performance of the combined
FIT and the APCS score. Themicrobial features panel improved
the AUC for advanced adenomas from 0.674 (95% CI,
0.637–0.712) to 0.727 (95% CI, 0.691–0.763; P , 0.001), with
adjusted AUCs from 0.661 (95% CI, 0.621–0.728) to 0.706 (95%
CI, 0.648–0.750; Figures 4b and 4c). Significant promotions of
sensitivities at cutoff values yielding 90% and 80% were
observed.

Figure 2. The shift of gut microbiota in patients with advanced adenoma, nonadvanced adenoma, and healthy controls at the amplicon sequence variant
level. (a) Alpha (a)-diversity in patients with advanced adenoma, nonadvanced adenoma, and healthy controls. No significant diversity difference was
foundusing6diversity indexes (richness, chao1, shannon, simpson, pielou, and faith_pd).Boxplots anddot plotswere bothpresented. Thehorizontal lines
in the boxplots representmedian values; upper and lower ranges of the box represent the 75% and 25%quartiles. (b) PCoA of themicrobiota based on the
Bray-Curtis distance. ANOSIM, R25 0.0014, P5 0.051. AA, patients with advanced adenoma; bc_dist, Bray-Curtis distance; HC, healthy controls; NAA,
patients with nonadvanced adenoma; PCoA, principal coordinates analysis.

American College of Gastroenterology Clinical and Translational Gastroenterology

C
O
LO

N

Diagnostic Accuracy of the Fecal Immunochemical Test 5



DISCUSSION
In this study, we performed themicrobial feature selection using
prospectively collected fecal samples of 268 patients with ad-
vanced adenoma and 788 healthy controls from a population-
based CRC screening program. In total, we identified 13 fecal
microbial markers at the genus and species level with good
potential for detecting advanced adenoma. Combined with
microbial markers, the diagnostic performance improved no-
tably than FIT solely. In addition, commonly recognized CRC
risk factors could further boost the diagnostic value for ad-
vanced adenoma diagnosis. These results confirmed the com-
plementary role of gut microbiota in differentiating healthy
individuals from those with colonic lesions. Findings of our
study filled the current research gap owing to study population
limitation and demonstrated the feasibility of using fecal
microbiota markers as a complementary tool to the established
CRC screening modalities, such as FITs.

Of the selected microbial features, Tyzzerella 4 exhibited the
highest diagnostic value for detecting advanced adenomas and
showed its promising diagnostic potential for early detection of
advanced adenoma for the first time. Evidence from quantitative
gut microbiota data sets of Homo sapiens suggested its higher
abundance in patients diagnosed with Crohn’s disease (26,27).
Considering that gut microbiota may be dominantly shaped by
geographical locations (28) and feature selection results origi-
nating from LEfSe without adjusting covariates were of risk of
obtaining false positives, we further applied separated LEfSe
analysis among the included participants stratified by the 5 res-
idential areas. We systematically reviewed remarkably altered
microbial markers at the genus and species levels in patients with
advanced adenoma residing in more than 2 regions (see Sup-
plementary Table S4, Supplementary Digital Content 1, http://

links.lww.com/CTG/A654). It is noteworthy that genus Tyzzer-
ella 4 and its members were identified among populations of 3
different regions, covering 228 patients with advanced adenoma
and 669 healthy controls, thus achieving a cross-regional vali-
dation of its potential association with advanced adenoma in
populations from East China and Central China. Also, MaAsLin
algorithm identified the potential association between genus
Tyzzerella 4 and advanced adenoma after adjusting for region and
other confounders.

Apart from genusTyzzerella 4, previous evidence has offered
support for other selected microbial markers’ participation in
the initiation and progression of colorectal mucosa tumori-
genesis, as well. Gemella, recognized as 1 of the predominant
genera in the upper gastrointestinal tract, was almost absent in
the lower gastrointestinal tract of healthy individuals (29).
Researchers have reported the enrichment of Gemella morbil-
lorum, a member of the genus Gemella, in CRC microbiomes
based on stool sample analysis and its potential role in co-
lorectal carcinogenesis promotion (30,31). Clostridium could
promote colorectal carcinogenesis by increasing aberrant crypt
foci induced by 1,2-dimethylhydrazine (8). The cluster Ⅰ in the
16S rRNA tree was regarded as the true representatives of the
genus Clostridium (i.e., Clostridium sensu stricto) (32). The risk
of CRC was observed increasing in patients with bacteremia
from the species Clostridium perfringens under genus Clos-
tridium sensu stricto (31). As for genera Streptococcus and
Rothia, several studies have reported the associations between
CRC and these oral originating microbiota (33). Fusobacterium
adhesin A from species of Fusobacteriummay contribute to the
activation of procarcinogenic signaling pathways and ulti-
mately lead to molecular changes and colonic mucosa carci-
nogenesis (8,34).

Figure 3. LEfSe andMaAsLin analyses revealed differences in taxonomic composition of patients with advanced adenoma comparedwith healthy controls.
(a) Differentially abundant taxa identified using LEfSe analysis with LDA scores showing significant bacterial differences between patients with advanced
adenoma (red) and healthy controls (green). (b) Differentially abundant taxa identified usingMaAsLin analysis adjusting sex, age, region, bodymass index,
smoking, and alcohol consumption, with Q-value lower than 0.25 presented. AA, patients with advanced adenoma; HC, healthy controls; LDA, linear
discriminant analysis; LEfSe, linear discriminant analysis effect size; MaAsLin, multivariate association with linear models.
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Probiotics identified in our study also have been demon-
strated to play a role in gut mucosa tumorigenesis. A decreased
abundance of Faecalibacterium was observed in association
with CRC (35,36), which was prevalent in the gut microbiota of
healthy adults (37,38). Faecalibacterium prausnitzii was the
only known species under genus Faecalibacterium (39), and
findings from experiments in vitro and animal models reported
its ability to produce anti-inflammatory metabolites (40–42),
and its diagnostic value was confirmed as well (43). Lachno-
spiraceae UCG-004 is an unclassified genus under the highly
polyphyletic family Lachnospiraceae, which possesses the pre-
dominant production of butyrate, a short-chain fatty acid with
anti-inflammatory and antitumorigenic properties (44,45).
Members of the Lachnospiraceae family have been shown to be
specific to the fecal microbial communities of patients with
preneoplastic lesions (46). Researchers also observed depleted
abundance of members from family Ruminococcaceae among
gut microbiome of conventional adenoma cases (47). Results
from the mouse model suggested that Bifidobacterium bifidum
had a beneficial effect on CRC (48,49).

Results in this study, together with the existing evidence,
suggested the promising potential of fecal microbial signatures as
a novel noninvasive tool for CRC screening. However, multiple
necessary steps are required for their translation into screening
products, including robust sequencing techniques having high
reproducibility and easy-to-apply platform, prospective valida-
tion in samples from a true screening setting. In our study, al-
though genusTyzzerella 4 performed best individually among the
13 identified microbial features, its underlying biological mech-
anism and reproducibility among diverse populations have yet to

be investigated in depth. In agreement with previous studies (8),
the fact herein that model performance could be promoted by
panels of taxa compared with individual ones could be partly
explained by the mutual complement of diagnostic performance
to avoid missing cases (10,15). Moreover, meta-analyses from
geographically diverse metagenomes suggested that poly-
microbial classifiers were globally applicable and robust against
technical and geographical differences (50).

Currently, stool-based products consisting of multiple targets
are the focus of most attention. In addition to the integration of
multiple microbial features, the combination of diverse types of
stool-based tools exemplifies the advantages of amultitarget CRC
test in which individual items can complement each other to
reduce missed cases. The addition of microbial signatures to FIT
can further strengthen its diagnostic performance than FIT alone
(8,10,13,51), especially for colorectal adenoma detection (13–15).
Similarly, in view of the fact that the multitarget stool DNA test
could detect CRCswith a sensitivity of 92.3%, but was limited by a
suboptimal sensitivity of 42.4% for advanced adenomas (52), the
auxiliary role of microbial signatures in the feces for colorectal
neoplasms deserved further investigation. Moreover, our study
showed that the overall diagnostic performance of the combi-
nation of FIT and microbial signature could be potentially en-
hanced if combining an established questionnaire-based risk
prediction model (the APCS score) according to the elevated
AUCs. Furthermore, at the cutoff values yielding 70% specificity,
for instance, the sensitivity increased from 52.0% (95% CI,
45.6–58.9) for the combination of FIT and microbial markers to
62.9% (95%CI, 55.2–70.2; P5 0.003) for the combination of FIT,
microbial markers, and the APCS score in our study (data not

Figure 4. Receiver operating characteristic (ROC) curve analyses of microbial markers and their combinations with FITand the APCS score for advanced
adenoma detection. (a) Adjusted AUCs of 13microbial marker candidates individually using the 0.6321 bootstrapmethod. (b) ROC curve analyses for FIT
only, combined FIT-APCS, combined FIT-markers, and the aggregation of FIT, microbial signatures, and APCS score with the 0.6321 adjusted AUCs. (c)
Sensitivities of multiple models for advanced adenomas detection, with fixed specificities of 80% and 90%. aCompared with FITonly; bP values were both
, 0.001 when compared with combined FIT-APCS and combined FIT-markers, respectively; c,dcomparisons of sensitivities with fixed specificities of 80%
and90%, respectively; ecomparedwith combined FIT-markers-APCS. APCS, Asia-Pacific Colorectal Screening; AUC, area under the curve; CI, confidence
interval; FIT, fecal immunochemical test.
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shown in the results). However, in true screening setting, the
determination of the optimal cutoff should be considered
depending on the targeted sensitivity, specificity, and positivity
rates.

Our study has several strengths. In contrast to hospital-
based case-control studies, participants in this study were
recruited from a practical screening program targeting
asymptomatic individuals with average risk. Stool samples in
this study were collected in a manner compatible with the
population screening practice. The large sample size of our
cases and controls assures high reliability of our results. In
addition, we successfully identified a novel microbial marker of
considerable potential in the Chinese population for ensuring
more effective detection of advanced adenomas. Despite our
best efforts, this study has some limitations. The underlying
molecular mechanisms and possible signaling pathways in-
volved in the association between Tyzzerella 4 and advanced
adenoma require further exploration. Simultaneous in-
vestigation of mucosal samples may contribute to a better
understanding of roles of the gut microbiota in CRC carcino-
genesis. In addition, with the inherent properties of 16S rRNA
sequencing in annotation resolution, systematic investigation
of the key bacterial species or strains by metagenomic se-
quencing based on the current findings may further improve
the diagnostic value of the microbiota markers for advanced
adenoma. Furthermore, targeted quantification studies of the
candidate microbial markers, such as quantitative polymerase
chain reaction, and prospective validation in larger pop-
ulations can accelerate their introduction to population-based
screening practices as novel noninvasive tools for the early
diagnosis of colorectal precancerous lesions.

In summary, we identified a novel genus of gut microbiota
(Tyzzerella 4) potentially associated with the colorectal mucosa
carcinogenesis process. Both individual Tyzzerella 4 and 13-
bacteria panel exhibited good discriminative ability for the early
detection of advanced adenoma. Combining the microbial panel
with FIT and an established risk stratification score (APCS) may
further enhance the diagnostic performance. Additional evidence
from mechanistic studies and microbiome quantitative analyses
is required. Altogether, it can be foreseen that the identified fecal
microbial biomarkers in our study may contribute to the de-
velopment of novel, effective, and noninvasive CRC screening
tools in the near future.
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Study Highlights

WHAT IS KNOWN

3 Colorectal cancer (CRC) is a leading cause of cancer
incidence and mortality globally. Early detection and
treatment lead to the decreased incidence and increased
survival.

3 The widely used fecal immunochemical tests (FITs) were less
efficient to detect colorectal adenomas.

3 Gut microbiota participates in CRC development and has a
promising potential for colorectal neoplasm detection.

WHAT IS NEW HERE

3 We identified 13 microbial signatures to show the joint
diagnostic value for advanced adenomas, with genus
Tyzzerella 4 demonstrating the highest adjusted area under
the curve.

3 The 13-bacteria panel improved the diagnostic performance
of FIT for advanced adenoma detection.

3 Commonly recognized CRC risk factors could further facilitate
the detection of advanced adenoma on the basis of FITs and
microbial markers.
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