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Abstract

Purpose: Gut microbiota have been implicated in the devel-
opment of colorectal cancer. We evaluated the utility of fecal
bacterial marker candidates identified by our metagenome
sequencing analysis for colorectal cancer diagnosis.

Experimental Design: Subjects (total 439; 203 colorectal can-
cer and 236 healthy subjects) from two independent Asian
cohorts were included. Probe-based duplex quantitative PCR
(qPCR) assays were established for the quantification of bacterial
marker candidates.

Results: Candidates identified by metagenome sequencing,
including Fusobacterium nucleatum (Fn), Bacteroides clarus (Bc),
Roseburia intestinalis (Ri), Clostridium hathewayi (Ch), and one
undefined species (labeled as m7), were examined in fecal sam-
ples of 203 colorectal cancer patients and 236 healthy controls by
duplex-qPCR. Strong positive correlations were demonstrated
between the quantification of each candidate by our qPCR assays
andmetagenomics approach (r¼0.801–0.934, allP<0.0001).Fn

was significantly more abundant in colorectal cancer than
controls (P < 0.0001), with AUROC of 0.868 (P < 0.0001).
At the best cut-off value maximizing sum of sensitivity and
specificity, Fn discriminated colorectal cancer from controls
with a sensitivity of 77.7%, and specificity of 79.5% in cohort I.
A simple linear combination of four bacteria (Fn þ Ch þ m7-
Bc) showed an improved diagnostic ability compared with
Fn alone (AUROC ¼ 0.886, P < 0.0001) in cohort I. These
findings were further confirmed in an independent cohort II. In
particular, improved diagnostic performances of Fn alone
(sensitivity 92.8%, specificity 79.8%) and four bacteria (sen-
sitivity 92.8%, specificity 81.5%) were achieved in combina-
tion with fecal immunochemical testing for the detection of
colorectal cancer.

Conclusions: Stool-based colorectal cancer–associated bacte-
ria can serve as novel noninvasive diagnostic biomarkers for
colorectal cancer. Clin Cancer Res; 23(8); 2061–70. �2016 AACR.

Introduction
Colorectal cancer is one of the most common malignancies

worldwide. Many Asian countries including China have experi-
enced a 2- to 4-fold increase in colorectal cancer incidence during
the past decade (1). Abnormality in the composition of the gut

microbiota has been implicated as a potentially important etio-
logic factor in the initiation and progression of colorectal cancer
(2). With the widespread application of metagenome sequencing
and pyrosequencing in the investigation of intestinal microbiota,
an increasing number of bacteria have been identified to
be positively associated with the incidence of colorectal cancer
(3–7). Recent studies have shown that Fusobacterium, especially
Fusobacterium nucleatum (Fn), is associated with colorectal cancer.
Fn is enriched in both the feces and colonic mucosa of colorectal
cancer patients (3, 5, 8) and plays important roles in colorectal
carcinogenesis (9, 10). In our recent study, using 16S rRNA
sequencing to catalog the microbial communities in human gut
mucosa at different stages of colorectal tumorigenesis, Fusobacter-
iumwas also found to be enriched in colorectal tumors (11). Then
by usingmetagenomics analysis to compare the fecalmicrobiome
of 74 colorectal cancer patients and 54 healthy subjects, we have
identified bacterial candidates that may serve as noninvasive
biomarkers for colorectal cancer (12), including Fn, Bacteroides
clarus (Bc), Roseburia intestinalis (Ri), Clostridium hathewayi (Ch),
one undefined species (labeled as m7). Unlike Fn, the other
bacteria have not yet been associated with colorectal cancer.
Moreover, the translational application of these bacterial candi-
dates into diagnostic biomarkers needs further investigation using
simple, cost-effective, and targeted methods such as quantitative
PCR (qPCR).

In this study, we validated the stool-based bacterial candidate
markers in a large cohort of 203 colorectal cancer patients and 236
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control subjects to identify a panel of markers with good sensi-
tivity and specificity as a novel diagnostic tool for colorectal
cancer. We established probe-based duplex qPCR assays for the
quantification of the bacteria; the technique involved is easy and
less costly to perform compared with the currently available tests.

Materials and Methods
Human fecal sample collection

Fecal samples (n ¼ 439) were collected from the two indepen-
dent cohorts, including cohort I-Hong Kong: 370 subjects, con-
sisting of 170 patients with colorectal cancer (mean age, 67.2 �
11.6 years; 100 males and 70 females) and 200 normal controls
(59.3 � 5.8 years; 77 males and 123 females), at the Prince of
Wales Hospital, the Chinese University of Hong Kong between
2009 and 2013 (Supplementary Table S1), and cohort II-Shang-
hai: 69 subjects, consisting of 33 patients with colorectal cancer
(mean age, 63.4 � 9.6 years; 17 males and 16 females) and 36
normal controls (53.2� 12.2 years; 10 males and 26 females), at
Renji Hospital, Shanghai Jiaotong University between 2014 and
2015 (Supplementary Table S1). Fecal samples from 97 Hong
Kong patients with adenoma (60.5 � 4.7 years; 50 males and 47
females) were further included in this study. Subjects recruited for
fecal sample collection included individuals presenting symp-
toms such as change of bowel habit, rectal bleeding, abdominal
pain or anemia, and asymptomatic individuals aged 50 or above
undergoing screening colonoscopy as in our previous metage-
nomics study (12). Samples were collected before or one month
after colonoscopy, when gut microbiome should have recovered
to baseline (13). The exclusion criteria were: (i) use of antibiotics
within the past 3 months; (ii) on a vegetarian diet; (iii) had an
invasivemedical interventionwithin the past 3months; (iv) had a
past history of any cancer, or inflammatory disease of the intes-
tine. Subjects were asked to collect stool samples in standardized
containers at home, and store the samples in their home �20�C
freezer immediately. Frozen samples were then delivered to the

hospitals in insulating polystyrene foam containers and stored at
�80�C immediately until further analysis. Patients were diag-
nosed by colonoscopic examination and histopathologic review
of any biopsies taken. Informed consents were obtained from all
subjects. The study was approved by the Clinical Research Ethics
Committee of theChineseUniversity ofHongKongand theEthics
Committee of Renji Hospital, Shanghai Jiaotong University.

DNA extraction
Fecal samples were thawed on ice and DNA extraction was

performed using the QIAamp DNA Stool Mini Kit according to
manufacturer's instructions (Qiagen). Extracts were then treated
with DNase-free RNase to eliminate RNA contamination. DNA
quality and quantity were determined using a NanoDrop2000
spectrophotometer (Thermo Fisher Scientific).

Design of primers and probes
Primer and probe sequences for the internal control were

designed manually on the basis of the conservative fragments in
bacterial 16S rRNA genes (14), and then theywere tested using the
tool PrimerExpress v3.0 (Applied Biosystems) for determination
of Tm, GC content, and possible secondary structures. We includ-
ed degenerate sites in the primers and probes to increase target
coverage; degenerate sites were not close to 30 ends of primers and
50 end of the probes. Amplicon target was nt 1,063–1,193 of the
corresponding E. coli genome.

Five bacterial marker candidates identified by previous meta-
genome sequencing were selected for qPCR quantification,
including Fn, Bc, Ri, Ch, one undefined species (labeled as m7)
(Supplementary Table S2). These candidates were identified by
eliminating confounding effects of colonoscopy using blocked
independent Wilcoxon rank-sum tests with colonoscopy as a
stratifying factor in our previous metagenome study (12). Fn has
also been identified to be enriched in colorectal cancer patients by
others (3, 5, 8), while the other four have not associated with
colorectal cancer by other researchers. Primer and probe
sequences targeting the nusG gene of Fn (Accession# GMHS-
1916) and gene markers identified by our previous metagenome
sequencing study, including Bc (ID 370640),Ch (ID 2736705),Ri
(ID 181682), andm7 (ID 3246804; ref. 12), were designed using
PrimerExpress. The primer–probe sets specifically detect our tar-
gets and not any other known sequences, as confirmed by Blast
search. Each probe carried a 50 reporter dye FAM (6-carboxy
fluorescein) or VIC (4,7,20-trichloro-70-phenyl-6-carboxyfluores-
cein) and a 30 quencher dye TAMRA (6-carboxytetramethyl-rho-
damine). Primers and hydrolysis probes were synthesized by
Invitrogen. Nucleotide sequences of the primers and probes are
listed in Supplementary Table S3. PCR amplification specificity
was confirmedby direct Sanger sequencing of the PCRproducts or
by sequencing randomly picked TA clones.

Quantitative PCR
Quantitative PCR (qPCR) amplifications were performed in a

20-mL reaction system of TaqMan Universal Master Mix II
(Applied Biosystems) containing 0.3 mmol/L of each primer and
0.2 mmol/L of each probe in MicroAmp fast optical 96-well
reaction plates (Applied Biosystems) with adhesive sealing. Ther-
mal cycler parameters of an ABI PRISM 7900HT sequence detec-
tion system were 95�C 10minutes and (95�C 15 seconds, 60�C 1
minute) � 45 cycles. A positive/reference control and a negative

Translational Relevance

Changes in gut microbiota have been associated with colo-
rectal cancer. In this study, diagnostic utility of bacterial
marker candidates identified by metagenome sequencing,
including Fusobacterium nucleatum (Fn), Bacteroides clarus (Bc),
Roseburia intestinalis (Ri), Clostridium hathewayi (Ch), and one
undefined species (m7), were evaluated in two independent
Asian cohorts of samples. Duplex-qPCR assays were estab-
lished for translational application, which quantitated candi-
date markers consistently with metagenome sequencing and
validated the significantly elevated Fn, Ch, and m7 and
decreased Bc and Ri in colorectal cancer patients compared
with controls. Fn showed good performance in discriminating
colorectal cancer from controls, and combination of four
markers (Fn þ Ch þ m7-Bc) further improved the diagnostic
ability of Fn. An increased performance of bacterial markers
was achieved in combination with the fecal immunochemical
test (FIT) for colorectal cancer detection (sensitivity 92.8%,
specificity 81.5%). Bacterial markers can be used alone or in
combination with existing methods, such as FIT, for nonin-
vasive diagnosis of colorectal cancer.
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control (H2O as template) were included within every experi-
ment. Measurements were performed in triplicates for each
sample. qPCR data was analyzed using the Sequence Detection
Software (Applied Biosystems) with manual settings of thresh-
old ¼ 0.05 and baseline from 3–15 cycles for all clinical
samples. Experiments were disqualified if their negative control
Cq value was <42. Data analysis was carried out according to
the DCq method, with DCq ¼ Cqtarget � Cqcontrol and relative
abundances ¼ POWER (2, �DCq).

Fecal immunochemical test
The HemoSure immunogold labeling FIT dipsticks (WHPM

Co. Ltd), which are certified by the State Food and Drug Admin-
istration of China, were used as described previously (15).

Statistical analysis
Values were all expressed as mean � SD or median

[interquartile range (IQR)] as appropriate. The differences in
specific bacterial abundance were determined by Wilcoxon
signed-rank test or Mann–Whitney U test. Continuous clinical
and pathologic variables were compared by t test, while cate-
gorical variables were compared by c2 test. Spearman correla-
tion coefficient was used to estimate the association of the
bacterial abundances and several factors of interest. Factors
independently associated with colorectal cancer diagnosis were
estimated using univariate and multivariate logistic regression.
Receiver operating characteristic (ROC) curve was used to
evaluate the diagnostic value of bacterial candidates in distin-
guishing colorectal cancer and controls. The best cut-off values
were determined by ROC analyses that maximized the Youden
index (J ¼ Sensitivity þ Specificity � 1; ref. 16). Pairwise
comparison of areas under ROC (AUROC) for each method/
marker was performed using a nonparametric approach (17).
Logistic regression model was applied to obtain probability
plot values for estimating the incidence of colorectal cancer
among all subjects. ROC curves were then constructed for the
logistic regression models. All tests were done by GraphPad
Prism 5.0 (GraphPad Software Inc.) or SPSS software v17.0
(SPSS). P < 0.05 was taken as statistical significance.

Results
Duplex qPCR assays for convenient and reliable quantification
of bacterial abundances

To make the quantification of bacterial content convenient,
we designed a degenerate primer–probe (VIC-labeled) set with
an amplicon size suitable for qPCR quantification to target a
131-bp conserved region of the 16S rRNA genes. The primer
and probe sequences cover >90% of the eubacterial population
within the Ribosomal Database Project Release version 10.8
(14). Tests using different fecal DNA samples indicated that
this internal control assay was capable of evaluating the total
bacteria with DNA templates of <10 ng/mL in the final reaction
systems (Fig. 1A). Higher template concentrations inhibited
PCR amplification probably due to the general impurities
within DNA isolated from feces, as no inhibition was observed
for pure total DNA extracted from cultured E. coli up to at least
25 ng/mL. Using templates with concentration <10 ng/mL, Cq
values correlated well with Log2 DNA quantities (R ¼ 0.804)
(Fig. 1B). Then duplex qPCR assays were developed using the
VIC-labeled internal control and FAM-labeled primer–probe

sets to specifically target our bacterial candidates. The relative
abundance of target bacterium in individual samples could be
quantitated consistently with templates of <10 ng/mL (Fig. 1C),
but template concentration should be >0.1 ng/mL to avoid
false-negative results in samples with low abundance of the
target bacterium (Fig. 1D). Quantification of bacterial abun-
dances using our qPCR assays can be well repeated (Supple-
mentary Fig. S1) and was not interfered by human DNA
contamination (Supplementary Fig. S2). Our platform and
well-defined experimental conditions may guarantee reliable
and convenient quantification of bacterial targets using duplex
qPCR assays.

The quantification of each bacterial candidate by
metagenomics is correlated with qPCR assays

To verify whether the relative abundances of candidatemarkers
measured by qPCR assays are comparable with metagenomics
sequencing, the relative abundances of four bacterial candidates
(Bc, Ch, Ri, and m7) in a subset of subjects (51 colorectal cancer
and 45 controls) by qPCR were compared with metagenomic
sequencing. Quantification of each of these bacteria showed
strong correlations by qPCR assays compared with metagenomic
sequencing (Spearman r ¼ 0.816–0.934; Fig. 1E). The gene
marker, butyryl-CoA dehydrogenase from Fn (m1704941;
99.13% identity), showed an occurrence of only 52.7% (39/
74) in colorectal cancer patients, while at the species level, Fn
showed an occurrence of 83.8% (62/74) in colorectal cancer
patients (Supplementary Table S4). Therefore, Fn at species level
showing a higher occurrence in colorectal cancer is better than
gene marker m1704941, which may represent a specific strain of
Fn, for the diagnosis of colorectal cancer. Therefore, we estab-
lished a duplex-qPCR assay targeting the nusG gene of Fn, which
was reported to be transcriptionally more active in colorectal
tumors than in matched normal samples (5), to assess the
diagnostic value of Fn for colorectal cancer. This qPCR assay
showed good correlation with Fn at species level by metagenome
sequencing (Fig. 1F), suggesting qPCR targeting nusG may cover
more strains of Fn and could be more sensitive in detecting
colorectal cancer.

Significantly elevated abundances of Fn, Ch, and m7 and
decreased abundances of Bc and Ri in colorectal cancer patients
compared with healthy controls

We found that the relative abundance of fecal Fn was pre-
dominantly higher in colorectal cancer patients (n ¼ 170) as
compared with healthy controls (n ¼ 200; P < 0.0001, Fig. 2A;
Supplementary Table S5) by qPCR quantification. In addition,
we also demonstrated the significantly elevated abundances of
Ch (P < 0.0001) and m7 (P < 0.0001), and decreased abun-
dances of Bc (P < 0.05) and Ri (P < 0.05) in colorectal cancer
patients compared with control subjects. Bivariate correlation
test showed that relative abundances of all the five bacteria were
significantly associated with colorectal cancer, but not with
tumor–node–metastasis (TNM) staging or tumor location
(Supplementary Table S6). The occurrence rates of these five
bacteria differed significantly between colorectal cancer
patients and healthy control subjects (Supplementary Table
S7). These results collectively confirmed the potential of these
bacterial marker candidates in discriminating colorectal cancer
patients from healthy subjects.

Fecal Bacterial Markers for Colorectal Cancer
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Figure 1.

Assessment of the qPCR assays. A, Correlation between template quantity and Cq values of the 16S rDNA control. A representative example of qPCR evaluation on
samples #1–10 serially diluted from a mixture of 10 randomly selected fecal samples. qPCR results correlated well with template quantity when final DNA
concentrations were <10 ng/mL (#4!#10), whereas DNA of >10 ng/mL inhibited PCR amplification (#1!#3). B, Correlation between Cq values of the internal
control and DNA quantities (n ¼ 29). C, The new duplex qPCR assay can stably assess relative target abundance with an appropriate DNA template concentration
from fecal samples. An example showing the relative abundance of Fusobacterium nucleatum (Fn) was stably assessed in one randomly selected fecal
sample with several final DNA concentrations <10 ng/mL. D, The relative abundance of Fn was stably assessed in samples, known to have low and very low Fn
abundance, with final DNA concentrations <10 ng/mL, but extremely low DNA concentrations may cause false-negative detection in samples of low Fn abundance.
E, Correlation for the quantification of Roseburia intestinalis (Ri), Roseburia clarus (Bc), Clostridium hathewayi (Ch), and one undefined species (labeled asm7), by
metagenomics approach (gene level) and qPCR assay. F, Correlation for the quantification of Fn by metagenomics approach (species level) and qPCR assay.
Abundances assessed by qPCR in C–F are relative values over the internal control of 16S rDNA and thus are shown in arbitrary units.
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Fn is a potential noninvasive fecal biomarker for diagnosing
colorectal cancer patients

Among all the five bacteria, Fn showed the best performance in
discriminating colorectal cancer from healthy controls, giving an
area under receiver operating curve (AUROC) of 0.868 (95%
confidence interval, 0.831–0.904; P < 0.0001; Fig. 2B). At the best
cut-off value that maximized the sum of sensitivity and specificity
by ROC analysis, Fn could discriminate colorectal cancer from
controls with a sensitivity of 77.7%, specificity of 79.5%, negative
predictive value (NPV) of 80.7%, and positive predictive value
(PPV) of 76.3% in the first cohort of 170 colorectal cancer patients
and 200 healthy subjects. This was further verified in a second
independent cohort of 33 colorectal cancer patients and 36
healthy controls. The relative abundance of Fn was significantly
higher in colorectal cancer patients as compared with healthy
controls (P ¼ 0.012; Fig. 2C). As a single factor in discriminating
between colorectal cancer patients and control subjects, fecal Fn

had an AUROC of 0.675 (0.545–0.804; P ¼ 0.013). The best cut-
off value of Fn could discriminate colorectal cancer from controls
with a sensitivity of 81.8%, specificity of 52.8%, NPV of 76.0%,
and PPV of 61.4% in this second cohort.

The combination of Fn, m7, Bc, andCh improves the diagnostic
ability of Fn alone for colorectal cancer patients

According to metagenome sequencing data, combination of
the tested bacterial markers showed improved diagnostic perfor-
mance as compared with Fn alone, with AUROC increased from
0.748 to 0.843 (Supplementary Fig. S3). Therefore, we evaluated
the abilities of combining the other bacterial markers with Fn for
the diagnosis of colorectal cancer by qPCR assays.We found that a
simple linear combination of Ch, m7, and Bc with Fn (four-
bacteria: FnþChþm7-Bc) gave an increased AUROC (0.886) as
compared with other combinations (2–5 markers; all �0.877)
and Fn only (0.868), as well as the logistic regression model with

Figure 2.

Quantitative detection of fecal bacterial markers in the diagnosis of colorectal cancer (CRC) patients. A, Relative abundances of Fusobacterium nucleatum (Fn),
Bacteroides clarus (Bc), Roseburia intestinalis (Ri), Clostridium hathewayi (Ch), and one undefined species (label as m7) in fecal samples differed significantly
between healthy control subjects (n¼ 200) and colorectal cancer patients (n¼ 170) of the first cohort.B,Receiver operating characteristic (ROC) curves formarkers
Fn, Ch, m7, Bc, and Ri in discriminating colorectal cancer patients from healthy control subjects of cohort I. C, Relative abundance of Fn in fecal samples
of 33 colorectal cancer patients and 36 healthy subjects from an independent cohort II and the corresponding ROC curve for Fn in discriminating colorectal cancer
patients from healthy control subjects in this cohort. Medians with interquartile ranges are shown in the box and whisker plots by Tukey method. Abundances in
A and C are plotted as "relative abundances � 10e7þ1" (zero abundance plotted as 1).
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inclusion of the four bacteria (Fn, Ch, m7, and Bc; 0.869) in the
first cohort (Fig. 3A). The combined relative abundance of four-
bacteria was significantly higher in colorectal cancer patients as
compared with healthy controls (P < 0.0001; Fig. 3B). At the best
cut-off value, this panel of four-bacteria (Fn, m7, Bc andCh) could
discriminate colorectal cancer patients fromhealthy controls with
a sensitivity of 77.7%, specificity of 81.5%, NPV of 81.1%, and
PPV of 78.1%, showing a better diagnostic performance than Fn

only (Table 1). Pairwise comparison of AUROCs showed that the
four-bacteria panel was superior to Fn alone for colorectal cancer
diagnosis (P ¼ 0.05).

The improved performance of four-bacteria was further vali-
dated in the second independent cohort. The combination of the
four-bacteria also demonstrated an increased AUROC (0.756)
as compared with Fn only (0.675) or the logistic regression
model (0.746; Fig. 3C). The combined relative abundance of the

Figure 3.

Combination of four markers showed improved diagnostic ability for colorectal cancer (CRC). A, ROC curves for simple linear combination of four selected
bacterial marker candidates including Fusobacterium nucleatum (Fn), Bacteroides clarus (Bc), Clostridium hathewayi (Ch), and one undefined species (labeled as
m7), Fn only, and probability plot values of logistic regression model in the first cohort. B, Relative fecal abundances of Fn and four-bacteria (Fn, Bc, Ch,
andm7) in colorectal cancer patients compared with healthy control subjects of the first cohort. C, ROC curves for four bacteria (Fn, Bc, Ch, andm7), Fn only, and
probability plot values of logistic regression model in an independent second cohort. D, Relative fecal abundances of Fn and four bacteria in colorectal cancer
patients and healthy control subjects of cohort II. Medians with interquartile ranges are shown in the box-and-whisker plots by Tukey method. Abundances
shown in B and D are plotted as "relative abundances � 10e7þ1" (zero abundance plotted as 1).
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four-bacteria was significantly higher in colorectal cancer
patients than in healthy controls (P ¼ 0.0002; Fig. 3D). At the
best cut-off value, this panel of bacteria could discriminate
colorectal cancer from controls with a sensitivity of 84.9%,
specificity of 61.1%, NPV of 81.5%, and PPV of 66.7%, which
also shows a better diagnostic performance than Fn only.
Therefore, the four-bacteria panel of Fn, m7, Bc, and Ch could
improve the diagnostic ability of Fn alone in discriminating
colorectal cancer from healthy controls.

The combination of bacterial markers with FIT improves the
diagnostic ability of bacteria alone for colorectal cancer
patients

FIT was performed on the stool samples of 111 colorectal
cancer patients and 119 control subjects. We found that 70.3%
(78/111) fecal samples of colorectal cancer patients showed FIT
positive. The detection rate of FIT was less than the quantification
of Fn alone (82.0%) or the four-bacteria panel (83.8%; both

P < 0.05 by c2) in this subcohort of colorectal cancer patients.
Pairwise comparison of the ROC curves showed that the four-
bacteria panel was significantly superior to Fn alone or FIT for
colorectal cancer diagnosis (both P < 0.05; Supplementary Table
S8). FIT wasmarginally associated with TNM staging (P¼ 0.084),
while the relative abundances of the four-bacteria or Fn alone
showed no correlation with TNM staging (Supplementary Table
S9). Comparative results for the detection of cancer, according to
TNM stage subsets, demonstrated that the quantification of bac-
terial markers showed significantly higher sensitivities compared
with FIT for stage I cancer (Fig. 4). Elevated detection rates of
stages II and III cancers were also observed by the bacteria than by
FIT but not late stage IV. These results demonstrated that the
quantification of bacterial markers was significantly more sensi-
tive than FIT for the detection of colorectal cancer, especially for
nonmetastatic colorectal cancer.

The combination of bacterial markers with FIT significantly
increased the sensitivity of Fn from 82.0% to 92.8% and the four-
bacteria from 83.8% to 92.8%, along with improved PPV and
NPV and almost unchanged specificity (Table 2). According to
TNM staging, combination of bacterial markers with FIT showed
significantly higher sensitivities than using FIT only for stages I, II,
and III cancers (Fig. 4). These results suggested that the combi-
nation of bacterial markers and FIT had the highest sensitivity and
specificity for the noninvasive diagnostic value of patients with
colorectal cancer.

Discussion
According to the most updated Asia Pacific consensus recom-

mendations on colorectal cancer screening, FIT is applied to select
high-risk patients for colonoscopy (18). FIT has also been widely

Table 1. Performance of Fn alone and in combination with other bacteria for
colorectal cancer diagnosis

Variable Fn
Combination of Fn,
Bc, Ch, and m7

AUROC 0.868 0.886
Cut-offa 0.0007072 0.001774
Sensitivity 77.7% 77.7%
Specificity 79.5% 81.5%
PPV 76.3% 78.1%
NPV 80.7% 81.1%

Abbreviations: AUROC, area under receiver operating characteristics curve;
NPV, negative predictive value; PPV, positive predictive value.
aThe best cut-off values that maximize sensitivity and specificity were used. n¼
370 (170 colorectal cancer and 200 healthy controls).

Figure 4.

Sensitivity of the commercial fecal
immunochemical test (FIT) and
bacterial markers according to tumor–
node–metastasis (TNM) stage
subsets. Shown are the sensitivities of
FIT, 4-bacteria, and their combination
for the detection of colorectal cancer
according to tumor stage. The
numbers in parentheses are the
number of participants in each
category.

Fecal Bacterial Markers for Colorectal Cancer
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used inother regions of theworld (19).However, the sensitivity of
FIT shows limitations for colorectal cancer (0.79; 95% CI, 0.69–
0.86) and differed greatly among various studies, according to a
recent systematic review and meta-analysis by Lee and colleagues
(19). Nevertheless, the wide application of FIT makes fecal sam-
ples easily obtainable. Detection ofmolecular biomarkers in fecal
samples for the noninvasive diagnosis of colorectal cancermay be
a more promising alternative than blood/plasma biomarkers to
be implemented in present clinical settings. With the widespread
application of pyrosequencing and metagenome sequencing in
the field of microbiota, an increasing number of colorectal can-
cer–associated bacteria have been identified, including those
identified by us (12). There is an urgent need to validate these
candidatemarkers and to evaluate their clinical application values
by targeted quantification methods.

To develop a convenient and reliable method for the targeted
quantification of bacterial candidates on their validity and poten-
tial clinical implementation, we established a qPCR platform for
the quantification in fecal samples. Different internal controls
have been reported for qPCR-based quantification of bacterial
abundances, including the Bacteroides genus (20), absolute DNA
quantities (8), and 16S rDNAs (21–23). Considering that the
proportion of Bacteroides varies among subjects of different enter-
otypes (24), and that the absolute DNA contained both bacterial
DNAs and host DNAs, 16S rDNA could serve as a suitable internal
control with conserved sequences uniformly distributed in most
species. We thus designed a degenerate primer–probe set to
guarantee sufficient coverage of 16S rDNAs by targeting the
conservative fragments in bacterial 16S rDNA sequences (14).
This internal control was proven to represent the bacterial DNA
content in different samples. Then the probe-based duplex-qPCR
assay allows the detection of both internal control and target in
the same reaction for each sample, saving both reagents and
samples, and producing more reliable data. Target marker abun-
dance is calculated relative to total bacterial content by the DCp
method. We defined for the first time that DNA template con-
centration should be limited (<10 ng/mL) to avoid inhibitory
effects caused by fecal DNA and >0.1 ng/mL to avoid false-negative
assessments of the targets using our duplex qPCR assays. We
further showed a good correlation in the quantification of bac-
terial candidates by metagenomics approach and qPCR assays.
Therefore, our duplex-qPCRassays are reliable, convenient, andof
great clinical application value in the quantitative detection of
target bacteria.

Using this platform, we examined the clinical application
values of 5 selected marker candidates (Fn, Bc, Ri, Ch, and m7);
these marker candidates could be well quantitated by TaqMan
probe-based duplex qPCR assays (Fig. 1), and their combination
could improve the diagnostic performance of Fn according to
metagenome sequencing data (Supplementary Fig. S3). We cor-
roborated the potential value of Fn as a biomarker for the stool-

based diagnosis of colorectal cancer. The relative abundance of
fecal Fnwas significantly higher in colorectal cancer patients than
in healthy control subjects. As a single factor in discriminating
colorectal cancer patients from healthy subjects, Fn had a sensi-
tivity of 77.7% and specificity of 79.5% in the first cohort of 170
colorectal cancer patients and 200 healthy control subjects. We
also showed the significantly increased or decreased relative fecal
abundances of Bc, Ri, Ch andm7 in colorectal cancer patients than
in control subjects, as consistent with metagenomics findings.
Although the ability of these individual bacteria to discriminate
colorectal cancer patients fromhealthy subjectswas limited due to
the limitedoccurrence rates in colorectal cancer patients or control
subjects, we found that combining the relative abundances of Bc,
Ch, andm7with that of Fn could improve the diagnostic ability of
Fn for colorectal cancer. The relative abundance of Ri did not
improve the diagnostic ability of Fn for colorectal cancer, showing
a decreased AUROC of 0.846 by Ri in combination with Fn as
compared with Fn alone (0.868), and was thus excluded in the
further analyses. At the best cut-off value that maximized the sum
of sensitivity and specificity, the combined four-bacteria panel
had a sensitivity of 77.7% and specificity of 81.5% in the first
cohort of 370 subjects. Importantly, Fn and the combination of
four-bacteria markers (Fn, Bc, Ch, and m7) for the diagnosis of
colorectal cancer was also verified in a second independent cohort
of fecal samples of colorectal cancer patients and healthy controls.
In particular, after adjustment for potential confounding factors
including age and gender by multivariate logistic regression
analyses, Fn and four-bacteria were found to be independent risk
factors for colorectal cancer (Supplementary Table S10).

We have further examined the four-bacteria biomarker in 97
fecal samples from adenoma patients (60.5� 4.7 years; 50 males
and 47 females). A significantly increased relative abundance of
Fn was detected in adenoma patients as compared with healthy
controls [7.1e�5 (4.8e�6

–0.0007) vs. 8.1e�6 (0–0.0004), median
(IQR); P < 0.05], which is consistent with the previous finding by
Suehiro and colleagues in Japanese population (25). Fn alone
gave an AUROC of 0.609 (0.545–0.674; P < 0.05) in discrimi-
nating adenoma patients from control subjects. Adding the other
three bacteria did not significantly improve the predictive power
of Fn for adenoma diagnosis, suggesting that the three newly
identified bacterial markers (Bc, Ch, and m7) are specific for
colorectal cancer. Host genetics and diets have been associated
with the shaping of or changes in gut microbiome (26, 27). Gut
microbes have been identified to be associated with obesity (28).
As genetics, dietary habits and BMI vary among different popula-
tions, whether the bacterial markers verified in the two Asian
cohorts in this study could be applied in other populations needs
further investigation.

Compared with FIT, the bacterial markers were found to be
superior in sensitivity for colorectal cancer diagnosis, especially
for nonmetastatic colorectal cancer. It is intriguing that 16 and

Table 2. Performance of FIT or Fn alone and in combination with other bacteria for colorectal cancer diagnosis

Variablesa,b FIT Fn Fn þ FIT 4-Bac 4-Bac þ FIT

Sensitivity 70.3% 82.0% 92.8% 83.8% 92.8%
Specificity 98.3% 80.7% 79.8% 83.2% 81.5%
PPV 97.5% 79.8% 81.1% 82.3% 82.4%
NPV 78.0% 82.8% 92.2% 84.6% 92.4%

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.
a230 Subjects (111 colorectal cancer and 119 healthy controls) with FIT results in Hong Kong cohort were included.
b4-Bac includes Fn, Bc, Ch, and m7.
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15 samples in stage II and III respectively, showed positive in
either bacterial markers or FIT (Supplementary Table S11), sum-
ming up to 36.5% of stage II and III cases. Together with the 60%
cases (II: 26/42 and III: 25/43) showing positive in both bacterial
markers and FIT, the combination of bacteria with FIT detected
96.5% of stages II and III colorectal cancer. It has been shown that
metagenomic analysis combined with the standard fecal occult
blood test (FOBT) improved colorectal cancer detection sensitiv-
ity (29). It is thus anticipated that the inclusion of the bacterial
marker quantification assays, in the noninvasive diagnosis of
colorectal cancer, with the widely applied FIT may improve
diagnosis sensitivity.

Bc is a gram-negative, obligately anaerobic, non-spore–form-
ing, rod-shaped bacterium species that was isolated from human
feces in 2010 (30). Ch is a strictly anoxic, gram-positive, spore-
forming, rod-shaped bacterium that participates in glucose
metabolism using carbohydrates as fermentable substrates to
produce acetate, ethanol, carbon dioxide, and hydrogen (31).
Unlike the well-characterized Fn, which is known to promote
colorectal cancer tumorigenesis, whether the altered abundances
of Ri, Bc, or m7 play a causative role in colorectal cancer devel-
opment or serve as a consequence of colorectal cancer develop-
ment needs further investigation.

In conclusion, the quantification of Fn alone can serve as a
noninvasive diagnostic method for colorectal cancer with a mod-
erate sensitivity and specificity. The combination of four bacterial
markers (Fn, Bc, Ch, and m7) improved the diagnostic ability
of Fn alone for colorectal cancer. Moreover, the combination of
the bacterial markers and FIT showed the highest sensitivity and
specificity for the diagnosis of colorectal cancer, especially for
nonmetastatic colorectal cancer. Thus, stool-based detection of
bacterial markers can serve as a novel noninvasive diagnostic
method for patients with colorectal cancer.
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