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Significance of this study

What is already known on this subject?
►► Early detection of colonic adenomas and cancer 
can facilitate the successful treatment and 
significantly reduces the incidence of colorectal 
cancer (CRC).

►► Molecular markers for adenoma, especially non-
advanced adenoma, is limited.

What are the new findings?
►► A new gene marker from a Lachnoclostrium sp., 
labelled as m3, was identified to be enriched 
in faecal samples of patients with adenoma by 
metagenomic analysis.

►► m3 showed the best performance in diagnosing 
adenoma in two independent Asian groups of 
1012 subjects by quantitative PCR, which is 
superior to currently available stool-based tests.

►► Combination of m3 with faecal 
immunochemical test (FIT) improved diagnostic 
sensitivity from 50.8% to 56.8% (specificity 
79.6%) for advanced adenoma, while 
combination of m3 with other bacterial markers 
(Fn, Ch, Bc) and FIT showed good diagnostic 
performance for CRC (specificity=81.2% and 
sensitivity=93.8%).

How might it impact on clinical practice in the 
foreseeable future?

►► m3 is a novel stool-based non-invasive 
biomarker for patients with adenoma and CRC.

Abstract
Objective  There is a need for early detection of 
colorectal cancer (CRC) at precancerous-stage adenoma. 
Here, we identified novel faecal bacterial markers for 
diagnosing adenoma.
Design  This study included 1012 subjects (274 CRC, 
353 adenoma and 385 controls) from two independent 
Asian groups. Candidate markers were identified by 
metagenomics and validated by targeted quantitative 
PCR.
Results  Metagenomic analysis identified ’m3’ from a 
Lachnoclostridium sp., Fusobacterium nucleatum (Fn) and 
Clostridium hathewayi (Ch) to be significantly enriched in 
adenoma. Faecal m3 and Fn were significantly increased 
from normal to adenoma to CRC (p<0.0001, linear 
trend by one-way ANOVA) in group I (n=698), which 
was further confirmed in group II (n=313; p<0.0001). 
Faecal m3 may perform better than Fn in distinguishing 
adenoma from controls (areas under the receiver 
operating characteristic curve (AUROCs) m3=0.675 vs 
Fn=0.620, p=0.09), while Fn performed better in 
diagnosing CRC (AUROCs Fn=0.862 vs m3=0.741, 
p<0.0001). At 78.5% specificity, m3 and Fn showed 
sensitivities of 48.3% and 33.8% for adenoma, and 
62.1% and 77.8% for CRC, respectively. In a subgroup 
tested with faecal immunochemical test (FIT; n=642), 
m3 performed better than FIT in detecting adenoma 
(sensitivities for non-advanced and advanced adenomas 
of 44.2% and 50.8% by m3 (specificity=79.6%) vs 0% 
and 16.1% by FIT (specificity=98.5%)). Combining with 
FIT improved sensitivity of m3 for advanced adenoma to 
56.8%. The combination of m3 with Fn, Ch, Bacteroides 
clarus and FIT performed best for diagnosing CRC 
(specificity=81.2% and sensitivity=93.8%).
Conclusion  This study identifies a novel bacterial 
marker m3 for the non-invasive diagnosis of colorectal 
adenoma.

Introduction
Colorectal cancer (CRC) is one of the most common 
malignancies worldwide.1 A higher incidence of 
CRC has been observed in more developed regions 
than less developed regions, and an increased inci-
dence of CRC is believed to have attributed to 
changes in diet.1 2 Recent evidences have shown 
that an altered microbiome environment in the 
gut is associated with colorectal tumourigenesis. 
Abnormality in the composition of the gut micro-
biota has been implicated as a potentially important 

aetiological factor in the initiation and progres-
sion of CRC.3 With the widespread application of 
metagenomic analyses in the investigation of intes-
tinal microbiota, an increasing number of bacteria 
have been identified to be positively associated with 
CRC.4–7 Recent basic research has established a 
critical function for the intestinal microbiota8 and 
specific bacterial species, such as Fusobacterium 
nucleatum (Fn)9–11 and Peptostreptococcus anaer-
obius,12 in promoting colorectal tumourigenesis. 
Bacteria such as Fn,13 Clostridium symbiosum14 and 
species within the genera Parvimonas, Porphyro-
monas and Parabacteroides15 have been shown to be 
potential markers for the diagnosis of patients with 
CRC. However, current knowledge on biomarkers 
for colorectal adenoma detection is limited.
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Figure 1  Identification and characterisation of m3. (A) Metagenome sequencing identified m3, as well as Fusobacterium nucleatum (Fn) and 
Clostridium hathewayi (Ch), to be significantly increased in faecal samples of patients with adenoma. (B) DNA sequence of m3 showed high similarity 
to Lachnoclostridium sp. YL32. (C) m3 encodes a putative reverse transcriptase (RTase) that maps to a group II intron RTase, lacking the first 60 amino 
acids but retaining the RTase conserved domain. A, adenoma; CRC, colorectal cancer; N, normal control.

Early detection of cancer can facilitate successful treatment. 
Endoscopic removal of colorectal adenomas, precursors of most 
CRCs, significantly reduces the risk of CRC. Early detection of 
adenomas is thus important for decreasing CRC morbidity and 
mortality. The most widely used non-invasive stool test is the 
faecal immunochemical test (FIT), which shows unsatisfying 
sensitivities for CRC (0.79 (95% CI 0.69 to 0.86); differed 
greatly among various studies) and is not sensitive for adenoma.16 
Sensitivity of FIT for advanced adenoma varied from 6% to 
56%, with screening studies involving cohort sizes over 8000 all 
showing sensitivities of less than 28%.17 Therefore, identifica-
tion of molecular markers that improve the diagnostic sensitivity 
for adenoma is warranted.

Using metagenomic analysis to compare the faecal micro-
biome of patients with CRC and healthy subjects, we identified 
20 bacterial gene marker candidates that may serve as non-
invasive biomarkers for CRC.4 We further showed that stool-
based bacteria could serve as non-invasive diagnostic biomarkers 
for CRC by targeted quantification using quantitative PCR 
(qPCR).13 We showed that Fn was a good marker for CRC, 
and combination with three others (Clostridium hathewayi 
(Ch), undefined ‘m7’ and Bacteroides clarus (Bc)) could further 

improve the diagnostic performance of Fn. However, the diag-
nostic performance of these bacterial gene markers for adenoma 
was limited. In this study, we identified and evaluated the utility 
of a new Lachnoclostridium gene marker (labelled as ‘m3’) for 
the diagnosis of colorectal adenoma. The diagnostic perfor-
mance of m3, comparing with and in combination with other 
bacterial gene markers and FIT, was tested in 1012 subjects from 
two independent groups.

Results
Identification of ‘m3’ from a Lachnoclostridium species as a 
potential biomarker for colorectal neoplasm
To investigate whether our previously identified 20 bacte-
rial gene markers for CRC4 may also serve as biomarkers for 
adenoma, we analysed their abundances in our in-house metag-
enomics data from 589 Asian subjects (184 CRC, 185 adenoma 
and 220 control subjects) (online supplementary table S1). 
Among them, the marker labelled as ‘m3’, which was not assign-
able to any known species at the time of the previous discovery 
study,4 was found to be significantly enriched in patients with 
CRC and adenoma as compared with control subjects, as well 
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Figure 2  Quantitative detection of faecal m3 in the diagnosis of patients with colorectal cancer (CRC) and adenoma. (A) Relative abundance of 
m3 in faecal samples differed significantly between healthy control subjects (N, n=288), patients with adenoma (A, n=207) and patients with CRC 
(n=203). ***p<0.0001 as compared with N; ##p<0.001 as compared with A. (B) No significant difference in faecal abundance of m3 was observed 
between non-advanced and advanced adenomas. (C) No difference in faecal abundance of m3 was observed among patients with CRC of different 
tumour-node-metastasis (TNM) stages. (D) Occurrence rates of m3 was significantly higher in patients with adenoma compared with control subjects, 
and highest in patients with CRC. (E) Receiver operating characteristic (ROC) curves and diagnostic performance of m3 in discriminating patients with 
CRC and adenoma from control subjects, respectively. AUROC, area under ROC.

as two previously verified CRC markers (Fn and Ch) (figure 1A; 
other gene markers in online supplementary figure 1). A blast 
search for the 1935 nt m3 sequence in the non-redundant nucle-
otide collection of NCBI identified Lachnoclostridium sp. YL32, 
a new species with genome sequence deposited in GenBank in 
July 2016 (accession no. CP015399). m3 and Lachnoclostridium 
sp. YL32 shared 97% (1883/1935) DNA sequence similarity 
(figure 1B). The m3 DNA contains a 1638 nt open reading frame 
(nt 298–1935), encoding a putative 545 aa protein with 100% 
sequence similarity to a group II RTase (GenBank accession no. 
WP_055650193). Although m3 protein lacks the first 60 aa due 
to ‘TTG’ codon instead of ‘ATG’ at the corresponding transla-
tion start site, it retains the RTase conserved domain (figure 1C). 
The corresponding sequence in Lachnoclostridium sp. YL32 
genome also encodes a partial group II RTase, showing 98% 
(534/545) sequence similarity with m3-RTase and the group II 
RTase. We further analysed the abundance of Lachnoclostridium 
sp. YL32 genome based on the Prokka-annotated protein coding 
gene sequences in our in-house metagenomics data. The result 

showed that Lachnoclostridium sp. YL32 was significantly 
increased in adenoma but to a less extent in CRC as compared 
with control subjects (online supplementary figure 2A). There-
fore, the candidate gene marker m3 may belong to Lachnoclos-
tridium species close to Lachnoclostridium sp. YL32.

Validation of m3 as a novel faecal biomarker for colorectal 
adenoma by qPCR
We further quantitatively examined the abundance of m3 in an 
enlarged group of stool samples from Hong Kong Chinese by 
using our previously established duplex-qPCR platform.13 The 
results showed that faecal m3 level was significantly higher in 
patients with adenoma (n=207) versus control subjects (n=288), 
and was significantly higher in patients with CRC (n=203) 
versus control subjects or patients with adenoma (all p<0.0001 
by multiple comparison). There was a significant linear trend of 
m3 increasing from control to adenoma to cancer (p<0.0001, 
one-way ANOVA) (figure 2A). Interestingly, m3 level was similar 
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Figure 3  Comparison and combination of bacterial markers for non-invasive diagnosis of colorectal cancer (CRC) and adenoma. (A) Relative 
abundances of Fusobacterium nucleatum (Fn), Clostridium hathewayi (Ch) in faecal samples of control subjects, patients with adenoma and patients 
with CRC. N, normal control; A, adenoma; ***p<0.0001 as compared with N; ###p<0.0001 as compared with A. (B) ROC curve analyses showed Fn 
could discriminate adenoma and CRC from controls, while Ch could discriminate CRC but not adenoma from controls. (C) Comparison of ROC curves 
of Fn, m3 and their combination. (D) Diagnostic performances of Fn, m3 and their combination. Fn performed better than m3 in diagnosing CRC, and 
m3 was superior to Fn in diagnosing adenoma. Combination with Fn improved the diagnostic performance of m3 for CRC but not for adenoma.

Table 1  Correlations between faecal marker abundances and clinical characteristics

Univariate Multivariate

Markers Fn m3 Fn m3

Variable Coef P value Coef P value Coef P value Coef P value

Age 0.217 <0.0001 0.111 <0.0001 0.064 0.007 0.025 0.269

Gender −0.348 0.443 −0.143 0.706

Diagnosis 2.768 <0.0001 1.535 <0.0001 2.597 <0.0001 1.472 <0.0001

Pre/post-colonoscopy −0.181 0.729 −0.735 0.095

BMI 0.052 0.761 −0.069 0.633

CRC staging 0.173 0.689 −0.227 0.620

Lesion location −0.153 0.862 −0.201 0.830

BMI, body mass index; CRC, colorectal cancer.

between non-advanced and advanced adenomas (figure  2B). 
Similarly, m3 level showed no significant change across tumour-
node-metastasis staging in patients with CRC (figure 2C). The 
occurrence rate of faecal m3 was significantly higher in patients 
with adenoma as compared with control subjects, and highest 
in patients with CRC (both p<0.0001 vs control subjects; 
figure 2D). Receiver operating characteristic (ROC) curve anal-
ysis showed that m3 could significantly discriminate CRC and 
adenoma patients from control subjects, with areas under ROC 
(AUROCs) of 0.741 and 0.675 for CRC and adenoma, respec-
tively (both p<0.0001; figure 2E). At specificity of 78.5%, m3 
showed sensitivities of 62.1% for CRC and 48.3% for adenoma; 
the accuracies were 71.7% and 65.9% for distinguishing patients 
with CRC and adenoma from control subjects, respectively. 
These results demonstrated that m3 may serve as a new stool-
based biomarker to assist the non-invasive diagnosis of CRC and 
adenoma.

m3 performs better than other bacterial markers (Fn and Ch) 
in diagnosing colorectal adenoma
As Fn and Ch were also identified to be significantly increased in 
patients with adenoma by metagenome sequencing, we further 
examined the levels of Fn and Ch by qPCR and compared their 
diagnostic performances with m3. Results confirmed that, 

similar to m3, the relative faecal abundance of Fn was signifi-
cantly elevated in patients with adenoma compared with control 
subjects, and highest in patients with CRC, with a significant 
linear trend of increase during CRC development (all p<0.0001; 
figure 3A). However, faecal Ch was not significantly increased 
in patients with adenoma as compared with control subjects by 
qPCR (p>0.05). Ch was significantly enriched in patients with 
CRC compared with patients with adenoma and control subjects 
(both p<0.0001, figure 3A). ROC curve analyses also showed 
that both Fn and Ch performed well in diagnosing CRC, but 
only Fn could significantly distinguish patients with adenoma 
from control subjects (p<0.0001; figure 3B). The abundances of 
both Fn and m3 were not associated with gender, CRC staging, 
lesion location or body mass index. Multivariate analysis showed 
that Fn and m3 were significantly associated with CRC and 
adenoma diagnosis, as well as Fn with age (table 1). Although 
Fn performed better than m3 in CRC diagnosis (AUROC of 
Fn=0.863 vs m3=0.741; p<0.0001), m3 may work better than 
Fn for adenoma diagnosis as shown by comparison of ROC curves 
(AUROCs: m3=0.675 vs Fn=0.620, p=0.09; figure 3C,D). As 
single diagnostic factors at specificity of 78.5%, Fn discrimi-
nated patients with CRC from control subjects with a sensitivity 
of 77.8% and accuracy of 78.2% (vs 62.1% and 71.7%, respec-
tively, by m3). At specificity of 78.5%, m3 discriminated patients 
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Figure 4  Combination of four markers for olorectal cancer (CRC) and m3 alone for adenoma. (A) Receiver operating characteristic (ROC) curve 
analysis of combination of the five bacterial markers of interest showed that combination of Fn, m3, Ch and Bc by a logistic regression (LR) model 
worked best for CRC diagnosis. Shown p values are by comparison ROC curves. (B) Level of the combination of Fn, m3, Ch and Bc (LR4) in faecal 
samples and comparison of its diagnostic performance with m3. N, normal control; A, adenoma; ***p<0.0001 as compared with N; ###p<0.0001 as 
compared with A. (C) Proposed strategy for the application of Fn, m3, Ch and Bc in the diagnosis of CRC and adenoma.

with adenoma from control subjects with a sensitivity of 48.3% 
and accuracy of 65.9% (vs 33.8% and 59.8%, respectively, by 
Fn) (figure 3C,D). Interestingly, combination of Fn and m3 by a 
logistic regression model significantly improved their individual 
diagnostic performances for CRC (AUROC=0.891, p=0.003 vs 
Fn) but not for adenoma (AUROC=0.671, p=0.89 vs m3). 
These results demonstrate that m3 is a potential good diagnostic 
biomarker especially for adenoma.

Combination with other bacterial markers (Fn, Bc and Ch) 
increases the diagnostic performance of m3 for CRC, while 
m3 alone works best for adenoma
As we have previously reported bacterial markers Fn, Ch, Bc and 
m7 for diagnosis of CRC, we further tested the performance of 
the combination of these markers with m3 for CRC. The results 
showed that combination of Fn, m3, Ch and Bc by a logistic 
regression model performed best in diagnosing CRC, with an 
AUROC of 0.907 (all p<0.05 as compared with combinations 
of fewer markers by comparison of ROC curves; figure 4A). At 
specificity of 80.2%, combination of Fn, m3, Ch and Bc showed 
a sensitivity of 85.2% and accuracy of 82.3% for CRC. Although 
combination of Fn, m3, Ch and Bc showed significantly 
increased score in patients with adenoma as compared with 
control subjects, its diagnostic performance for adenoma was 
not better than m3 (AUROC=0.660 vs m3=0.675, p=0.086; 
figure 4B). Therefore, combination of Fn, m3, Ch and Bc may 

serve as a novel tool for the non-invasive diagnosis of CRC, 
while m3 alone may be applied for further detection of adenoma 
(figure 4C).

Verification of diagnostic performance of bacterial markers in 
a second independent group
We further tested the bacterial markers in a second indepen-
dent group of 313 samples from Shanghai China (71 CRC, 145 
adenoma and 97 controls). Results showed that both Fn and m3 
were significantly increased in patients with adenoma compared 
with control subjects, and further increased in patients with 
cancer, with a significant linear trend of increase from control 
to adenoma to cancer by multiple comparison (p<0.0001; 
figure 5A). Using the same logistic regression model established 
in the Hong Kong group, the combined score of the four markers 
(Fn, m3, Ch and Bc) also showed a significant increase during 
the normal-adenoma-CRC sequence (p<0.0001). Fn performed 
better than m3 in discriminating CRC from controls although 
not significantly (AUROCs for CRC: Fn=0.776 vs m3=0.759), 
and the four-marker combination showed the best performance 
in diagnosing CRC (AUROC=0.830, sensitivity=77.5% and 
specificity=75.3%; figure  5B). m3 performed better than Fn 
and the four-marker combination in distinguishing patients with 
adenoma from controls although not significantly (AUROCs: 
m3=0.662, Fn=0.616 and four-marker=0.652), and m3 
showed a sensitivity of 51.0% and specificity of 75.3% for 
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Figure 5  Validation of bacterial markers in diagnosing colorectal cancer (CRC) and adenoma in a second independent group of faecal samples. 
(A) Relative faecal abundances of Fn and m3 and level of the combination of Fn, m3, Ch and Bc (LR4) in patients with CRC and adenoma compared 
with control subjects of the second group. N, normal control; A, adenoma; *p<0.05 and ***p<0.0001 as compared with N; #p<0.05 and ##p<0.001 as 
compared with A. (B) Comparison of ROC curves and diagnostic performances of Fn, m3 and LR4.

adenoma (figure  5B). These results further confirm the diag-
nostic values of the four bacterial markers for CRC and m3 for 
adenoma.

Combination with FIT improves the diagnostic ability of 
bacterial markers for CRC
To compare the diagnostic performance of bacterial markers 
with the most widely used non-invasive stool test in CRC 
screening, FIT was performed in a subgroup of 642 samples 
from Hong Kong (178 CRC, 204 adenoma and 260 controls). 
The CRC detection rate by combination of Fn, m3, Ch and Bc 
(84.7%) was significantly higher than m3 alone (61.8%) or FIT 
(71.3%) (both p<0.01). The combination of FIT with four-
marker showed the best performance in detecting CRC, with 
a sensitivity of 93.8% and specificity of 81.2% (figure 6A). The 
four-marker showed higher sensitivities than FIT for stages I–III 
cancers but not late stage IV. Combination of the four-marker 
and FIT showed significantly increased sensitivities than FIT for 
stages I–III cancers, and also elevated the detection rate for stage 

IV cancers (figure 6B). These results demonstrate that the bacte-
rial marker panel is superior to FIT for detection of stages I–III 
CRC, and their combination further improves the non-invasive 
diagnosis of CRC.

m3 performs significantly better than FIT in diagnosing 
adenoma
In the subgroup of 204 adenoma (86 non-advanced and 118 
advanced) cases with FIT results, m3 alone (sensitivity=48.0%) 
showed a significantly higher detection rate than FIT (9.3%) and 
the four-marker (42.2%) (both p<0.001). Combination of m3 
with FIT showed the best diagnostic performance for adenoma, 
with a sensitivity of 51.5% and specificity of 78.1% (figure 6A). 
FIT failed to detect any non-advanced adenoma (0/86, 0%) and 
detected 16.1% (19/118) of the advanced adenoma. On the 
other hand, m3 showed no difference in the detection between 
non-advanced and advanced adenomas (figures 2B and 6C), and 
the detection rates of m3 were significantly higher for both non-
advanced (44.2%) and advanced (50.8%) adenomas than FIT 
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Figure 6  Comparison and combination of bacterial markers with faecal immunochemical test (FIT). (A) Comparison of sensitivity and specificity of 
FIT, m3, combination of four makers (Fn, m3, Ch and Bc; LR4) and combination of bacterial markers with FIT in a subgroup of Hong Kong samples. 
LR4 combined with FIT performed best for colorectal cancer (CRC) detection, while m3 combined with FIT performed best for detecting adenoma. 
(B) Comparison of the sensitivities of FIT, LR4 and their combination in detecting CRC according to tumour-node-metastasis (TNM) stage subsets. (C) 
Comparison of the sensitivities of FIT, m3 and their combination in detecting non-advanced and advanced adenomas. All comparison of sensitivities 
was conducted by χ2 tests. A, non-advanced adenoma; AA, advanced adenoma.

(both p<0.001; figure 6C). Combination with FIT increased the 
sensitivity of m3 for advanced adenoma to 56.8%. These results 
demonstrate that m3 alone shows good performance for stool-
based detection of adenoma.

Discussion
In this study, we screened a previously identified panel of CRC-
associated gene markers in patients with CRC or adenoma 
compared with control subjects by metagenomics analysis. 
Focusing on the candidate gene markers that were significantly 
changed in patients with adenoma as compared with control 
subjects, we further validated their application values in non-
invasive diagnosis of adenoma and CRC by qPCR. We demon-
strated a faecal bacterial marker m3 that is useful for adenoma 
detection and at the mean time devised a new panel of faecal 
bacterial markers (m3+Fn+Ch+Bc) to achieve improved 

diagnostic capacity for CRC as compared with markers reported 
in our previous studies.4 13

m3 is a well-assembled DNA sequence (1935 bp) from 
shotgun sequencing data. As m3 DNA is long enough and 
distinct from DNA polymerase genes of other micro-organisms, 
with a single specific hit to Lachnoclostridium sp. YL32 with 
high score (97% identify), it is reliable to conclude that the host 
bacterium of ‘m3’ belong to the bacterial genus Lachnoclos-
tridium. We further analysed the abundances of known Lachno-
clostridium genomes in our in-house metagenomics data, with 
160 strains from GenBank and 27 species from ChocoPhlAn 
pangenome database (online supplementary figure 2A,B). We 
found stepwise increase from control to adenoma to cancer in 
some species, such as Clostridium (C.) aldenense, C. bolteae, C. 
citroniae and C. clostridioforme (online supplementary figure 
2C), demonstrating the potential of Lachnoclostridium species 
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in discriminating patients with colorectal neoplasm from control 
subjects. Lachnoclostridium is a newly defined genus under 
the highly polyphyletic class Clostridia,18 with an increasing 
number of new species identified from human gut microbiota in 
recent few years, such as Lachnoclostridium (L.) edouardi,19 L. 
pacaense20 and L. touaregense.21 The Lachnoclostridium species 
carrying m3 and its roles in colorectal tumourigenesis warrant 
further characterisation in future studies.

We have reported that combination of Fn, Bc, Ch and the 
undefined ‘m7’ showed good diagnostic performance for CRC.13 
Comparison of ROC curves showed that combination of ‘Fn, 
Bc, Ch and m3’ (AUROC=0.907 (0.877 to 0.931)) showed an 
increased AUROC than the combination of ‘Fn, Bc, Ch and m7’ 
(AUROC=0.892 (0.856 to 0.921)) in our Hong Kong group and 
in Shanghai group (AUROCs: 0.830 (0.765 to 0.884) with m3 
vs 0.795 (0.705 to 0.867) with m7). These results suggest the 
impact of m3 on improving other bacterial markers for the non-
invasive diagnosis of CRC.

Fn is prevalently detected in human CRC, with important 
roles in the initiation and progression of CRC. Fn level in 
colonic adenoma and adenocarcinoma tissues was found to be 
>10–100 times higher than normal colonic mucosa,10 demon-
strating Fn accumulation may occur at an early stage of colonic 
tumourigenesis. However, there is disagreement about the rela-
tionship between Fn and colorectal adenoma.22Fn was found to 
be enriched in cancerous versus matched normal tissues, but not 
significantly higher in adenoma versus normal tissues in a Euro-
pean cohort.23 Similarly, faecal abundance of Fn was found to 
be strongly associated with CRC but not adenoma in a German 
cohort.24 Although we observed a significant increase of faecal 
Fn in patients with adenoma compared with control subjects, 
the diagnostic value of Fn for adenoma is not as good as m3, and 
combination with Fn could not improve the diagnostic perfor-
mance of m3 for adenoma.

We have showed that the gram-negative bacterium Bc25 was 
significantly decreased in patients with CRC as compared with 
healthy subjects and thus could help improve diagnostic spec-
ificity. The gram-positive bacterium Ch, which participates 
in glucose metabolism using carbohydrates as fermentable 
substrates to produce acetate, ethanol, carbon dioxide and 
hydrogen,26 was significantly increased in patients with CRC 
compared with healthy subjects. However, faecal abundances 
of Bc and Ch showed no differences between patients with 
adenoma and control subjects.

On the other hand, m3 is superior to other bacterial markers 
in discriminating patients with adenoma from control subjects 
according to our results from two independent Chinese groups, 
although its diagnostic capacity for CRC is not as good as Fn. 
FIT only detected 16.1% advanced adenoma and none of non-
advanced adenoma. The multitarget stool DNA test approved by 
the US Food and Drug Administration, which combines mutant 
and methylated DNA markers and a FIT, shows sensitivities of 
42.4% for advanced adenoma and 17.2% for non-advanced 
adenoma.27Although the sensitivity of m3 (48.3%) is still low 
for adenoma, m3 showed no significant difference in the detec-
tion between advanced and non-advanced adenomas, with sensi-
tivities of 50.8% and 44.2%, respectively. Therefore, m3 may 
outperform all other available stool-based tests in detecting non-
advanced adenoma. Moreover, combination with FIT improved 
the detection rate of m3 for advanced adenoma from 50.8% to 
56.8%.

Some of the faecal samples were collected after colonos-
copy, with 40.6%, 36.2% and 40.4% in control, adenoma 
and cancer groups, respectively (p=0.577). However, these 

post-colonoscopy samples were collected at least 1 month after 
colonoscopy when gut microbiome should have recovered to 
baseline.28 Furthermore, we have adjusted for confounding 
effects of sample collection before/after colonoscopy during 
marker discovery.4 There was no significant difference in m3 
level between pre-colonoscopy and post-colonoscopy adenoma 
samples by qPCR or metagenome sequencing. There were 
also no difference in Fn, m3 or the four-marker combination 
between pre-colonoscopy and post-colonoscopy samples of the 
control, adenoma or CRC groups (online supplementary figure 
3). Therefore, the markers involved in this study may not be 
affected by colonoscopic/bowel-prep status, given enough time 
for gut microbiome to recover after colonoscopy. Although age 
and gender differed significantly among the groups, inclusion of 
age and gender in the logistic regression model did not affect the 
ROC curves for CRC and adenoma significantly (online supple-
mentary figure 4).

Recent studies of CRC have identified a large number of faecal 
microbial markers, and attempts to combine such markers from 
shotgun metagenomics data showed good diagnostic perfor-
mance.6 29 30 Our recent meta-analysis of multicohort metag-
enomics data, covering 526 samples from Chinese, Austrian, 
American, and German and French cohorts, identified seven 
CRC-enriched bacterial species showing an AUROC of 0.8 in 
discriminating patients with CRC from control subjects, which 
was increased to 0.88 when the clinical data were added.6 Appli-
cation of direct shotgun metagenomics to diagnosis is not cost-
efficient due to cumbersome experimental procedure and heavy 
computing workload. Targeted detection of identified microbial 
marker candidates based on shotgun metagenomics for clinical 
application is a more promising strategy. Based on our bacte-
rial gene markers identified by metagenomics investigation, 
quantification of four bacterial gene markers by qPCR shows 
an AUROC of 0.907 for CRC diagnosis in this study. However, 
as the true performance of the markers cannot be established 
from these case–control samples, future validation is required 
in large sample cohorts representative of the CRC screening 
populations. We have also reported for the first time that faecal 
CRC-enriched virome and mycobiome biomarkers distinguished 
CRC from controls with AUROCs of 0.802 and 0.93, respec-
tively.29 30 The application of these viral and fungal markers to 
non-invasive diagnosis of CRC by targeted quantification needs 
further exploration.

In conclusion, we identified a novel bacterial marker m3, from 
a Lachnoclostridium species, for the non-invasive diagnosis of 
colorectal adenoma. m3 is superior to other bacterial markers 
and currently available stool-based tests for adenoma detection.

Methods
Metagenomic marker gene sequence analysis
Metagenomic sequencing data from 589 Hong Kong Chinese 
subjects (184 CRC, 185 adenoma and 220 control subjects) 
from our previous study were analysed,29 which included the 
discovery cohort of 74 CRC and 54 controls for the identifi-
cation of the 20 CRC-related markers.4 Raw faecal shotgun 
metagenomic sequences were quality-trimmed and decontami-
nated as described previously.29 Low complexity subsequences of 
bacterial genes were hard-masked with the DUST program and 
indexed using the Burrows-Wheeler Aligner (BWA; V.0.7.17) 
to create the gene database for short read alignment.31 32 Post-
quality control sequences in FASTQ format were mapped against 
the BWA database with maximal exact match (mem) algorithm 
and default parameters of penalty scoring. Histograms of aligned 
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sequence coverage were reported using the ‘genomecov’ module 
of BEDTools suite (V.2.27.0).33 Mean sequence coverage table of 
metagenomic samples was constructed by computing summed 
products of coverage depth and base-pair fraction of marker 
gene length for positional features in input BAM files. Multiple 
group comparison of clinical phenotype was performed by pair-
wise Wilcoxon’s rank-sum tests, and p values were corrected 
by Benjamini-Hochberg step-up procedure. We then derived 
average weighted contribution (AWC) scores to estimate differ-
ential genomic enrichment and depletion of Lachnoclostridium 
species using marker gene sequences originating from the 
ChocoPhlAn pangenome database (V.293)34 as well as Prokka-
annotated protein coding gene sequences representing 160 
Lachnoclostridium genomes at all assembly levels from the NCBI 
GenBank (release 234.0; accessed 16 Oct 2019).35 The AWC of 
species i with gene set j to phenotype k was computed as follows:

	﻿‍
AWCijk =

∑
j∈k
NEij−NDij

N2ij
,
‍�

where NEij (or NDij) is the total count of significant enrich-
ment (or depletion) of a genomic sequence in gene set j for 
species i in a one-versus-all comparative statistical analysis of 
clinical phenotype k at 5% false discovery rate, respectively. Nij 
denotes the number of gene sequences of species i.

Human faecal sample collection
Faecal samples (n=1012) were collected from two indepen-
dent groups of subjects, including group I—Hong Kong (698 
subjects: 203 CRC, 207 adenoma and 288 normal controls) at 
the Prince of Wales Hospital, the Chinese University of Hong 
Kong between 2009 and 2014 and group II—Shanghai (313 
subjects: 71 CRC, 145 adenoma and 97 normal controls) at 
Renji Hospital, Shanghai Jiaotong University between 2014 and 
2018 (detailed clinical characteristics in online supplementary 
table S2). Subjects recruited for faecal sample collection included 
individuals presenting symptoms such as change of bowel habit, 
rectal bleeding, abdominal pain or anaemia, and asymptomatic 
individuals aged 50 or above undergoing screening colonoscopy 
as in our previous metagenomic study.4 Samples were collected 
before or 1 month after colonoscopy, when gut microbiome 
should have recovered to baseline.28 The exclusion criteria were 
(1) use of antibiotics within the past 3 months, (2) on a vege-
tarian diet, (3) had an invasive medical intervention within the 
past 3 months and (4) had a history of any cancer or inflam-
matory disease of the intestine. Subjects were asked to collect 
stool samples in standardised containers at home and store the 
samples in their home freezer at −20°C immediately. Frozen 
samples were then delivered to the hospitals in insulating poly-
styrene foam containers and stored at −80°C immediately until 
further analysis. Patients were diagnosed by colonoscopic exam-
ination and histopathological review of any biopsies taken.

DNA extraction, design of primers and probes and qPCR
DNA extraction, design of primer and probe sequences and 
qPCR amplifications on an ABI QuantStudio sequence detec-
tion system were conducted as our previous description.13 
Primer and probe sequences specifically targeting m3 are as 
following: forward 5′-​AATGGGAATGGAGCGGATTC-3′; 
reverse 5′-​CCTG​CACC​AGCT​TATC​GTCAA-3′; probe 5′-​
AAGC​CTGC​GGAA​CCAC​AGTT​ACCAGC-3′. Primer and 
probe sequences targeting other bacterial gene markers and 
16s rDNA internal control are as in our previous study.13 Each 
probe carried a 5′ reporter dye FAM (6-carboxy fluorescein) 

or VIC (4,7,2′-trichloro-7′-phenyl-6-carboxyfluorescein) and 
a 3′ quencher dye TAMRA (6-carboxytetramethyl-rhodamine). 
Primers and hydrolysis probes were synthesised by Invitrogen 
(Carlsbad, CA). PCR amplification specificity was confirmed by 
direct Sanger sequencing of the PCR products or by sequencing 
randomly picked TA clones. Relative abundance of each marker 
was calculated by using delta Cq method as compared with 
internal control and shown as Log value of ‘*10e6+1’.

Faecal immunochemical test
A subgroup of Hong Kong samples (n=642; 178 CRC, 118 
advanced adenoma, 86 non-advanced adenoma and 260 control 
subjects) were examined by FIT using the automated quantita-
tive OC-Sensor test (Eiken Chemical, Japan). The quantitative 
OC-Sensor test was performed as our previous description,36 
with a positive cut-off value equivalent to a concentration of 
100 ng of haemoglobin per millilitre.

Statistical analyses
Values were all expressed as mean±SD or median (IQR) as appro-
priate. The differences in bacterial abundances were determined 
by Mann-Whitney U test. One-way ANOVA multiple compar-
ison with test for linear trend was used to evaluate the changes 
of marker levels during disease progression (from control to 
adenoma to cancer). Simple and multiple regression analyses 
were used to estimate the association between marker levels and 
factors of interest. Occurrence rates between different groups 
and sensitivities by different markers were analysed using the 
χ2 test. Combination of multiple biomarkers was performed by 
applying logistic regression model to obtain values for estimating 
the incidence of CRC as compared with controls. The scores 
of the combination of four markers were calculated as follows: 
LR4=Power (2, (α+β1X1+β2X2+β3X3+β4X4)), where α repre-
sented the intercept, β represented the regression coefficients 
and X represented the levels of the corresponding markers. ROC 
curves were used to evaluate the diagnostic value of bacterial 
markers/models in distinguishing CRC/adenoma and controls. 
Pairwise comparison of ROC curves was performed using a non-
parametric approach.37 The best cut-off values were determined 
by ROC analyses that maximised the Youden index (J=Sensi-
tivity+Specificity−1).38 All tests were done by GraphPad Prism 
V.5.0 (GraphPad Software, San Diego, CA) or MedCalc Statis-
tical Software V.18.5 (MedCalc Software bvba, Ostend, Belgium; 
http://www.​medcalc.​org; 2018). A p value <0.05 was taken as 
statistical significance.
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