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Potential of fecal microbiota for detection
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Abstract

Background: Colorectal cancer (CRC) is one of the most common cancers. In recent studies, the gut microbiota
has been reported to be potentially involved in aggravating or favoring CRC development. However, little is known
about the microbiota composition in CRC patients after treatment. In this study, we explored the fecal microbiota
composition to obtain a periscopic view of gut microbial communities. We analyzed microbial 16S rRNA genes
from 107 fecal samples of Chinese individuals from three groups, including 33 normal controls (NC), 38 CRC
patients (Fa), and 36 CRC post-surgery patients (Fb).

Results: Species richness and diversity were decreased in the Fa and Fb groups compared with that of the NC
group. Partial least squares discrimination analysis showed clustering of samples according to disease with an
obvious separation between the Fa and NC, and Fb and NC groups, as well as a partial separation between the Fa
and Fb groups. Based on linear discriminant analysis effect size analysis and a receiver operating characteristic
model, Fusobacterium was suggested as a potential biomarker for CRC screening. Additionally, we found that
surgery greatly reduced the bacterial diversity of microbiota in CRC patients. Some commensal beneficial bacteria
of the intestinal canal, such as Faecalibacterium and Prevotella, were decreased, whereas the drug-resistant
Enterococcus was visibly increased in CRC post-surgery group. Meanwhile, we observed a declining tendency of
Fusobacterium in the majority of follow-up CRC patients who were still alive approximately 3 y after surgery. We
also observed that beneficial bacteria dramatically decreased in CRC patients that recidivated or died after surgery.
This revealed that important bacteria might be associated with prognosis.

Conclusions: The fecal bacterial diversity was diminished in CRC patients compared with that in NC. Enrichment
and depletion of several bacterial strains associated with carcinomas and inflammation were detected in CRC
samples. Fusobacterium might be a potential biomarker for early screening of CRC in Chinese or Asian populations.
In summary, this study indicated that fecal microbiome-based approaches could be a feasible method for detecting
CRC and monitoring prognosis post-surgery.
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Introduction
Colorectal cancer (CRC) is the third most common can-
cer worldwide, with an annual occurrence of 1,360,000
new cases and more than 600,000 deaths [1, 2]. Because
of its high incidence and mortality rate, CRC has be-
come a major public health issue, especially in less de-
veloped regions. Moreover, survival and risk of
recurrence have been reported to vary based on the
stage of the tumor. According to the pathological classi-
fication, in cases of CRC confined to stages I and II, re-
section surgery can be curative with a 5-y survival rate
of up to 80%; however, the prognosis is dramatically de-
creased at a later stage, and the 5-y survival rate is re-
duced to < 10% owning to the increased occurrence of
metastasis [3]. Therefore, population-wide screening and
prevention programs appear to be particularly import-
ant. Fecal occult blood testing (FOBT) is currently the
standard noninvasive screening test [4]. However, FOBT
has certain limitations in terms of sensitivity and specifi-
city for CRC and does not reliably detect precancerous
lesions [5]. Thus, more accurate screening tests that are
noninvasive and easy to perform are urgently needed for
the early detection of CRC.
In recent years, owning to the widespread use of high-

throughput sequencing, gut microbiota that play an im-
portant role in gut homeostasis have attracted wide at-
tention. They have been suggested to be potentially
involved in the development of CRC. Bacteria and their
related products might participate in the initiation or
progression of sporadic CRC by a variety of mechanisms,
including induction of inflammation, production of mu-
tagenic toxins and reactive oxygen species (ROS), and
the conversion of pro-carcinogenic dietary factors into
carcinogens. These mechanisms have been shown to re-
sult in DNA and RNA damage, directly or indirectly in-
hibit DNA repair [1, 6, 7], affect specific signal pathways,
and block antitumor immunity [2]. Several bacteria have
been reported to exhibit a carcinogenic risk. Escherichia
coli, Streptococcus bovis, and Bacteroides fragilis are the
bacteria most often described to be associated with co-
lonic neoplasia [8, 9]. Fusobacterium nucleatum has
been reported to modulate the tumor-immune micro-
environment, potentiating intestinal tumorigenesis in
mice [10]. In addition, some studies have indicated that
F. nucleatum is enriched in the gut of CRC patients [11,
12] and have even suggested it as a putative prognostic
factor in CRC [13–15].
Changes in the abundance of some gut commensal

bacteria have been linked to dysbiosis observed in sev-
eral human diseases. One such case regards Faecalibac-
terium prausnitzii, a protective bacterium, which was
found to be decreased in CRC patients [8]. Culture su-
pernatants of F. prausnitzii were shown to protect mice
against 2,4,6-trinitrobenzenesulfonic acid-induced colitis,

a potent risk factor for colon cancer [16]. All these stud-
ies suggest that CRC patients may have an abnormal gut
microbiota structure compared with that in the normal
population. Moreover, gut microbiota might be a candi-
date biomarker for the early detection of CRC. The test
of fecal samples, in which the microorganism compos-
ition is known to be highly correlated with the colonic
lumen and mucosa, seems to be an ideal approach, as
these data can provide a periscopic view of gut microbial
communities [17], without the need for invasive proce-
dures, such as colonoscopies.
To date, a large amount of research has focused on

the gut microbiota of CRC patients; however, the micro-
environmental changes in the colorectum of patients
after therapy, such as surgery, chemotherapy, or radio-
therapy, have not been widely studied. As specific bac-
teria might drive tumorigenesis, we aimed to identify
whether the population of these bacteria were decreased
after effective treatment. If so, it would indicate that ef-
fective treatment might result in the alteration of the
microbiota of CRC patients to one more similar to that
of normal samples.
Thus, to understand the structure of the gut microbial

community and the changes post-surgery in CRC pa-
tients, we investigated the microbiota in the stools of
CRC patients, CRC patients after surgery, and normal
controls using 16S rDNA amplicon sequencing.

Results
Summary of the study
Our study population was composed of 33 normal con-
trols (NC), 38 CRC patients before treatment (Fa), and
36 CRC patients after surgery (Fb) (Table 1). We ob-
tained a total of 4,992,311 16S rDNA sequences from
107 stool samples, with an average of 46,657 ± 2955
reads per sample in the whole cohort.
We generated 1108 total operational taxonomic units

(OTUs) at a 97% similarity level, with an average of
244 ± 67, 190 ± 74, 130 ± 60 OTUs in the NC, Fa, and Fb
groups, respectively. The maximum number of OTUs
for a single sample was 401, whereas the minimum,
which was found in the Fb group, was only 27 (Table
S1). There were 495 common OTUs in all groups, with
the Fa group having the most specific OTUs, whereas
the Fb group having the least specific OTUs (Figure S1).

Richness and diversity
The observed species and Chao richness index, Shannon,
and Simpson diversity index were used to describe the
alpha diversity features of the bacterial communities in
our samples. We observed that the species richness and
diversity in Fa and Fb were decreased compared with
those in the NC group. A strong decrease in biodiversity
was observed in the Fb group, especially in the stages II
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and III subgroup of Fb, compared with that in the other
groups (Figs. 1a, S2).
We used analysis of similarities (ANOSIM) to estimate

the similarity among groups. Our results indicated that
differences among groups were more significant than
differences within groups (R-value = 0.164, P = 0.001)
(Fig. 1b). At the same time, a beta diversity evaluation,
represented by partial least squares discrimination ana-
lysis (PLSDA), showed a clustering of samples according
to disease with an obvious separation between the Fa
and NC groups, and the Fb and NC groups, but a partial
separation between the Fa and Fb groups. Permutational
multivariate analysis of variance confirmed this

observation (ADONIS, Fa-NC, R2 = 0.11797, P = 0.001;
Fa-Fb, R2 = 0.05057, P = 0.001; Fb-NC, R2 = 0.18593, P =
0.001) (Fig. 1c).

Bacterial microbiota composition
We analyzed the composition and abundance of bacteria
at all taxonomic levels. As expected, we found that a
large majority of the bacteria in the Fa, Fb, and NC
groups belonged to the phyla Bacteroidetes, Firmicutes,
Proteobacteria, Fusobacteria, and Actinobacteria. We
further identified that the distribution of the major phyla
in the NC group was consistent with published data.
Further comparison of the relative abundance revealed

Table 1 Demographic structure and clinical data of the study population

Fa Fb NC

Number 38 36 33

Male, n (%) 24 (63.16) 23 (63.89) 17 (51.52)

Mean age (±SD, y) 64.32 ± 11.14 63.19 ± 10.73 59.00 ± 4.94

Pathological stage /II/III (%) 13.51/35.14/51.35 8.82/44.12/47.06 –

Fa CRC patients before treatment, Fb CRC patients after surgery, NC normal controls, SD standard deviation

Fig. 1 Microbiota biodiversity. a Alpha diversity. Bigger indexes of the observed species and Chao reflect greater richness, whereas a bigger
Shannon index reflects greater diversity. b Similarities. “Between” shows the differences between groups, whereas the rest show differences
within groups, R > 0 indicates differences between groups were more obvious than within groups, P value < 0.01 indicates significance. c OTUs
based PLSDA. ADONIS, Fa-NC, R2 = 0.11797, P = 0.001 (***); Fa-Fb, R2 = 0.05057, P = 0.001(***); Fb-NC, R2 = 0.18593, P = 0.001(***). OTU, operational
taxonomic unit; PLSDA, partial least squares discrimination analysis; Fa, CRC patients before treatment; Fb, CRC patients after surgery; NC,
normal controls
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clear differences. The most abundant phylum in the NC
group was Bacteroidetes, followed by Firmicutes, Proteo-
bacteria, and Actinobacteria. However, an increase in
the distribution of Proteobacteria, Fusobacteria, and Ver-
rucomicrobia was observed in the Fa group. Except for
an increase in the distribution of Fusobacteria and Ver-
rucomicrobia, the Fb group was characterized by a not-
able increase in Proteobacteria and a decrease in
Firmicutes (Figure S3).
We identified a total of 173 genera at the genus level,

with the dominant genus among all groups being Bacter-
oides (34.89, 32.34, and 22.89% in NC, Fa, and Fb
groups, respectively) (Table S2). However, apart from
this, the composition and prevalence of genera was dif-
ferent among the three groups. In the NC group, we
identified the following genera: Prevotella (21.49%), Fae-
calibacterium (8.58%), Roseburia (3.28%), and Rumino-
coccus (3.02%). The Fa group was characterized by the
presence of Escherichia (10.69%), Faecalibacterium
(5.49%), Prevotella (4.78%), and Parabacteroides (3.84%);
whereas in the Fb group, we observed Escherichia
(18.56%), Parabacteroides (6.81%), Enterococcus (5.82%),
and Morganella (4.68%) (Table S2). Accordingly, Escher-
ichia belonging to the phylum Proteobacteria, Fusobac-
terium belonging to Fusobacteria, and Parabacteroides
were found to be enriched in CRC patients (Fa and Fb
groups) compared with that in the NC group, whereas
Prevotella was demonstrated to be overrepresented in
the NC group. The presence of Faecalibacterium was
scarce, whereas Enterococcus was abundant in the Fb
group (Fig. 2). Although Bacteroides exhibited a similar
relative abundance at the genus level, at the species level,
the abundance of B. fragilis was shown to vary among

groups (Figure S4), being enriched in the Fa and Fb
groups.

Identification of differential microbes and key taxa
(biomarkers)
To identify the key bacteria causing divergence between
different groups, we used the linear discriminant analysis
(LDA) effect size (LEfSe) biomarker discovery tool,
which could compare two or more groups, and search
for biomarkers showing statistical differences. We per-
formed LEfSe analysis at both the family and genus
levels, and found 52 discriminative features using a
threshold of LDA score of 2 (P value < 0.01) at the genus
level (Table S3). We observed that Prevotella (LDA =
4.95, P < 0.01), Faecalibacterium (LDA = 4.66, P < 0.001),
Roseburia (LDA = 4.23, P < 0.001), Megamonas (LDA =
4.21, P < 0.001), and Sutterella (LDA = 4.08, P < 0.001)
were the dominant microbes in the NC group; Fusobac-
terium (LDA = 4.22, P < 0.001) was the dominant genus
in the Fa group, whereas Escherichia (LDA = 4.96, P <
0.001), Parabacteroides (LDA = 4.54, P < 0.001), Entero-
coccus (LDA = 4.49, P < 0.001), Morganella (LDA = 4.43,
P < 0.001) and Stenotrophomonas (LDA = 4.17, P < 0.01)
were the dominant genera in the Fb group. The genera
with an LDA score higher than 3 are displayed in Fig. 3a.
To further compare the relative abundance of these pri-
mary biomarkers in all groups, we evaluated the average
relative abundance of bacteria with an LDA score higher
than 4 in every group. Except for Bacteroides, all other
bacteria showed significant differences (P < 0.01)
(Fig. 3b).
Consecutively, to explore whether these differential

microbes were suitable for CRC detection, or

Fig. 2 Microbiota composition in every group at the genus level. Relative abundances of less than 0.5% were combined and shown as other. Fa,
CRC patients before treatment; Fb, CRC patients after surgery; NC, normal controls
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classification of CRC samples before or after treatment,
we used the receiver operating characteristic (ROC)
curve to evaluate their predictive power. First, we calcu-
lated the area under the ROC curve (AUC) of the mi-
crobes between the Fa and NC groups, and found that
the most discriminative genus was that of Fusobacterium
with an AUC of 0.852 (Fig. 3c). Consistent with previous
studies suggesting Fusobacterium as prevalent in the gut
of CRC patients [11, 12], potentially accelerating tumori-
genesis [10], our results further confirmed this enrich-
ment and indicated a potential biomarker for detecting
CRC. Following, we evaluated the classification model
comparing samples from before (Fa group) and after (Fb
group) treatment. Our results revealed that the most dis-
criminative microbe, which was shown to be enriched in
the Fb group, with an AUC value of 0.884, was Entero-
coccus (Fig. 3d).

Function analysis and correlation with clinic data
We used Picrust2 to predict the MetaCyc pathways of
microbiota in every sample. This analysis revealed the

differential functions between CRC patients and healthy
individuals and between CRC patients before and after
treatment. We observed that the pathways enriched in
the Fa group compared with those of the NC group were
those of lipid, fatty acid, amino acid, aldehyde, alcohol,
and aromatic compound degradation (Fig. 4a). Only the
metabolic regulator biosynthesis as well as fatty acid and
lipid degradation pathways were identified to be signifi-
cantly (P < 0.01, |log2FC| > 1) different in the Fa and Fb
groups. (Fig. 4b).
We collected 56 clinical indexes of CRC patients, in-

cluding biochemical criteria and routine blood examina-
tions. At the genus level, 27 differentially abundant
microbes (LDA score > 3, P < 0.01) were selected and re-
lated to the clinical data. We calculated the Pearson co-
efficient of pairwise correlation between microbes and
clinical indexes, and characters exhibiting a high correl-
ation (Pearson coefficient ≥ 0.7) are displayed on a heat-
map (Fig. 4c). A similar abundance model and very
strong correlation could be observed in some microbes,
such as Escherichia, Enterococcus, Yersinia, and

Fig. 3 a LEfSe analysis for taxonomic biomarkers on the genus level among the three groups. Each color represents one group. b Differential
comparison of key microbes. ***, P < 0.001; **, 0.001≤ P ≤ 0.01; *, 0.01 ≤ P≤ 0.05. c ROC curves for evaluation of the classification model between
Fa and NC samples. d ROC curves for evaluation of the classification model between Fa and Fb samples. LEfSe, linear discriminant analysis effect
size; ROC, receiver operating characteristic; AUC, area under the ROC curve; Fa, CRC patients before treatment; Fb, CRC patients after surgery; NC,
normal controls
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Eubacterium, which were enriched and clustered well in
the Fb group, whereas Fusobacterim and Peptostrepto-
coccus were found to be clustered together, with a Pear-
son coefficient of 0.95. We selected ALT, ApoA1, Mg2+,
and TG, among all the clinical indexes. ALT was shown
to be positively related to Escherichia (R = 0.7303), TG
was positively related to Stenotrophomonas (R = 0.7333)
and Paraprevotella (R = 0.7328), whereas Mg2+ was
negatively related to Eubacterium (R = − 0.9096) and En-
terococcus (R = − 0.7795), and ApoA1 was negatively re-
lated to Granulicatella (R = − 0.7785) and Actinomyces
(R = − 0.7336).

Biomarkers and prognosis
We followed-up 32 CRC patients who had provided pre-
and post-treatment stool samples, and recorded their
current living state (approximately 3 y after surgery). We
evaluated the changes in important bacteria in paired
stool samples. We observed a decrease in the presence
of Fusobacterium in most patients treated at the SUN
YAT-SEN University Cancer Center after surgery, except
for two cases of distinct increases. One CRC patient died
after surgery, while the other had chronic enteritis
(Fig. 5a). Meanwhile, most patients treated at the SUN
YAT-SEN Memorial Hospital exhibited the same de-
crease in Fusobacterium after surgery (Fig. 5b). Five pa-
tients (A147, A119, B103, B106, B112) either developed
postoperative recidivation or died. We observed that
most of the samples showed an abnormal increase in
Fusobacterium, and all of them exhibited an obvious

decrease in beneficial bacteria (Faecalibacterium and
Prevotella) (Fig. 5).

Discussion
In this study, we compared the fecal microbiota of CRC
patients to those of NC and CRC patients that under-
went surgery. We observed changes in the microbiota in
all three groups. The richness and biodiversity among
these groups was found to differ. We detected a decrease
in richness and diversity in the Fa group compared with
those in the NC group. In addition, a beta diversity
evaluation showed an obvious distinction between Fa
and NC groups. The results indicated that gut micro-
biota dysbiosis occurred in CRC patients. However, be-
cause some patients were subjected to endoscopic
intervention less than 1month before sampling, we
could not eliminate the possible bias due to invasive op-
eration. Because once a patient is diagnosed, the oper-
ation is performed immediately after making an
appointment with the doctor. In particular, we detected
a strong decrease in biodiversity in CRC patients who
had undergone surgical operation (Fb group, approxi-
mately 1 wk. after surgery), indicating that surgery might
lead to serious microbiota dysbiosis and reduce biodiver-
sity. However, as patients in the Fb group were adminis-
tered antibiotics after surgery, we could not eliminate
the effect of antibiotics on biodiversity.
We also observed obvious differences in bacterial com-

position. The composition of fecal microbiota in the Fa
and Fb groups was clearly different from that in the NC

Fig. 4 a Comparison of differential functional pathways in the Fa and NC groups. b Comparison of differential functional pathways in the Fa and
Fb groups. c Heatmap of correlation. Fa, CRC patients before treatment; Fb, CRC patients after surgery; NC, normal controls
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group, with a clear increase in the abundance of Escheri-
chia, Parabacteroides, and Fusobacterium being ob-
served in both the Fa and Fb groups. Previous studies
have reported a number of microbial species found in
CRC patients, most of which were present in our dataset
as well. For instance, Fusobacterium was reported to co-
exist with tumors, and was considered to positively regu-
late tumor cell propagation [12, 13]. F. nucleatum was
demonstrated to increase the tumor burden and select-
ively expand myeloid derived immune cells, such as
CD11b+, and myeloid derived suppressor cells in an
ApcMin/+ mouse model [10]. Other studies suggested
that through the recruitment of tumor-infiltrating im-
mune cells, Fusobacterium might generate a proinflam-
matory microenvironment that is conducive for
colorectal neoplasia progression. In accordance with
these findings, our results showed that Fusobacterium
was identified to be the principal genus in the Fa group.
Moreover, the classification model between the Fa and
NC groups was credible with an AUC of 0.852, suggest-
ing that Fusobacterium could be used as a potential bio-
marker for CRC patients. Thus, the increased abundance
of Fusobacterium could be linked with a high risk of
CRC. Enterotoxigenic B. fragilis has been identified as a
potential driver of CRC in both human and mouse stud-
ies [18–20]. The toxin of B. fragilis is known to cause
human inflammatory diarrhea. However, it can also
asymptomatically colonize a proportion of the human

population, thereby triggering colitis and strongly indu-
cing colonic tumors via activation of the T-helper type
17 T-cell responses [20]. In our dataset, we found that
the species of B. fragilis was prominent in CRC patients
either before or after surgery, especially in the Fb group.
E. coli is a commensal bacterium of the human gut
microbiota, but some pathogenic strains have acquired
the ability to induce chronic inflammation or produce
toxins, such as cyclomodulins, which could participate
in carcinogenesis processes [1, 21, 22]. We also tested
the enrichment of Escherichia in CRC patients, especially
in the Fb group. At the species level, the presence of E.
coli was shown to be obviously increased in the Fa and
Fb groups than in the NC group. All the aforementioned
bacteria involved in CRC are known to be
proinflammatory-associated, and hence might colonize
faster in an inflammatory conducive environment. We
also demonstrated the enrichment of these bacteria in
CRC patients (Fa group) in our study. Besides, as the
fecal samples of the Fb group in this study were ob-
tained from CRC patients who had recently undergone
surgery, their intestinal microenvironments were prob-
ably unstable, with some potentially exhibiting an in-
flammatory response, and some may have bad prognosis.
Therefore, our findings that the abundance of B. fragilis
and E. coli was the largest in the Fb group, whereas
Fusobacterium showed a slight decrease compared with
that in the Fa group, was justified. The distribution trend

Fig. 5 Relative abundance of Fusobacterium, Faecalibacterium, and Prevotella in every paired sample before and after surgery. a Samples collected
from the SUN YAT-SEN University Cancer Center. b Samples collected from the SUN YAT-SEN Memorial Hospital. Fa, CRC patients before
treatment; Fb, CRC patients after surgery
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of these bacteria after surgery should be analyzed in dif-
ferent stages post-surgery, and thus further research is
needed.
In our study, the number of Faecalibacterium and Pre-

votella was reduced in CRC patients, especially in the Fb
group. We further noted that this reduction was more
notable in patients who recrudesced or died after sur-
gery. F. prausnitzii is one of the most abundant bacteria
in the human intestinal microbiota of healthy individ-
uals, and the most important butyrate-producing bac-
teria in the human colon [23], representing more than
5% of the total bacterial population [16]. Further, this
bacterium has shown potential to function as a probiotic
in the treatment of Crohn’s disease [24]. Changes in the
abundance of F. prausnitzii have been linked to dysbiosis
in several human disorders. To date, this commensal
bacterium has been considered as a bioindicator of hu-
man health. Prevotella, a commensal bacterial genus
known to produce short chain fatty acids and that pos-
sesses potent anti-inflammatory effects, has been re-
ported to be more commonly found in non-Westerners,
who prefer a plant-rich diet [25, 26]. Studies have con-
firmed that maternal carriage of Prevotella during preg-
nancy was associated with protection against food
allergies in the offspring [26]. The comparisons of im-
portant bacteria between paired pre- and post-treatment
stool samples showed an abnormal increase in Fusobac-
terium and an obvious decrease in Faecalibacterium and
Prevotella in CRC patients who recrudesced or died after
surgery. This finding suggested that an abnormal in-
crease in Fusobacterium and a distinct reduction of pro-
biotic bacteria indicates poor prognosis. This implies
that microbial markers can be used for postoperative
monitoring of CRC in combination with conventional
surveillance strategies. Such a personalized surveillance
strategy may allow the earlier detection of relapse. Be-
cause most of the patients were discharged from the
hospital about 1 wk. after surgery, it was difficult to ob-
tain samples after discharge. We only collected and stud-
ied one-stage fecal samples (about 1 wk. after surgery) of
post-operative patients; however, follow up of samples at
other stages’ is required and these results should be con-
firmed through a larger cohort and prospective studies.
The genus Enterococcus is of great relevance to human

health because of its role as a major causative agent of
healthcare-associated infections; it includes resilient and
versatile species able to survive under harsh conditions,
most demonstrating intrinsic resistance to common anti-
biotics, such as virtually all cephalosporins, aminoglyco-
sides and clindamycin [27]. As individuals in the Fb
group had recently undergone resection, and were ad-
ministered antibiotics, serious microbial dysbiosis might
have occurred in their gut. As Enterococcus is known to
exhibit versatility and drug-resistance, it could still adapt

to the post-operation environment. Thus, the increase in
the numbers of this bacteria in the Fb group was
justified.

Conclusions
In summary, this study showed different composition of
fecal microbiota among Chinese healthy individuals and
CRC patients before and after surgery. The bacterial
richness and diversity of feces was diminished in CRC
patients. However, a clear increase in Fusobacterium,
Escherichia and Parabacteroides was observed in both
Fa and Fb groups. We further identified Fusobacterium
as a potential biomarker for CRC screening. We also
found changes in the abundance of Fusobacterium, Fae-
calibacterium, and Prevotella which were shown to be
related to prognosis after surgery. These findings sug-
gested the potential of fecal microbiota for CRC detec-
tion and postoperative surveillance. Although those
results need to be validated through a larger, prospective
trial, these insights may prove helpful in formulating
public strategies to prevent and treat CRC, in combin-
ation with multiple factors of cfDNA methylation and
alteration.

Materials and methods
Samples
The study protocol was approved by appropriate Institu-
tional Review Boards (IRB) of the BGI (NO.BGI-
IRB15100-T1). All study participants provided written
informed consent and dead patients also provided writ-
ten informed consent from their legally authorized rep-
resentative/next of kin. The process was in compliance
with the Declaration of Helsinki, which included risk
and benefit assessment. CRC patients were selected from
Sun Yat-sen University Cancer Center and Sun Yat-sen
Memorial Hospital, China. All CRC patients were diag-
nosed according to endoscopic and histological parame-
ters. None of the patients had undergone any treatment,
such as radiotherapy or chemotherapy, before enroll-
ment. Exclusion criteria included other neoplasms, other
tumor history, tuberculosis, infection by hepatitis B virus
(HBV), hepatitis C virus (HCV), or human immunodefi-
ciency virus (HIV), and the use of antibiotics 1 mo prior
to hospitalization. The cancer stage was identified ac-
cording to the TNM classification of malignant tumors.
CRC patients were first enrolled and hospitalized; then,
their fecal samples were collected before surgery (ap-
proximately 2–3 d before surgery). CRC patients under-
went operative treatment, then administered cefminox
sodium for 3 d in a row. Following collection of their
fecal samples approximately 1 wk. after resection sur-
gery, then they were allowed to leave the hospital. Sam-
ples collected from healthy individuals with no history of
cancer, chronic enteritis, chronic constipation, bloody
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stools, chronic appendicitis, or chronic cholecystitis were
used as NC.
In total, 107 stool samples were collected and divided

into the following three groups: NC group including 33
samples; Fa group including 38 samples from CRC pa-
tients before surgery; and Fb group including 36 samples
from CRC patients from CRC patients approximately 1
wk. after surgery. Basic information regarding this study
population is listed in Table 1. Among them, 32-paired
samples, each paired with pre- and post-treatment stool
samples was obtained from the same patient. The
current survival state of these 32 patients was recorded
(Table S4).
Clinical data was also collected simultaneously. In

total, 56 clinical indexes of CRC patients (pre- and post-
surgery corresponding to 72 stool samples) were col-
lected, including biochemical criteria and routine blood
examinations.

Sample preparation and genomic DNA extraction
None of the patients were subjected to any invasive op-
eration, such as endoscopic or clyster, at least 5 d before
sampling. A light diet was suggested 3 d before sam-
pling. About 5 g of fresh stool samples were collected by
patients themselves immediately after defecation using
stool collection devices, and then shipped on dry ice in
insulated containers to a central lab, where the samples
were immediately stored at − 80 °C until further process-
ing. The microbiota DNA was extracted as previously
described [28]. Samples were treated with lysozyme, pro-
teinase K, and SDS, then purified with phenol-
chloroform-isoamylalcohol, precipitated using glycogen,
sodium acetate and cold isopropanol, washed with 75%
ethanol and resuspended in 1× TE buffer. DNA integrity
and purification were detected by agarose gel electro-
phoresis (1%, 150 V, 40 min).

Library construction and next generation sequencing
(NGS)
Qualified samples were used for the library preparation
process. The microbiota DNA was amplified by poly-
merase chain reaction (PCR) with a bacterial 16S rDNA
V4 region universe primer pair (515F, 5′-GTGCCAGC
MGCCGCGGTAA-3′ and 806R: 5′-GGACTACHVG
GGTWTCTAAT-3′). PCR was performed using the fol-
lowing conditions: 3 min denaturation at 94 °C; 25 cycles
of denaturation at 94 °C for 45 s, annealing at 50 °C for
60 s, elongation at 72 °C for 90 s; and final extension at
72 °C for 10 min. The PCR products were purified using
AMPure XP beads (Axygen). Barcoded libraries were
generated by emulsion PCR and quantitated in the fol-
lowing two ways: the average molecule length was deter-
mined using the Agilent 2100 bioanalyzer instrument

and the library was quantified by real-time quantitative
PCR (QPCR).
The qualified libraries were sequenced using the Illu-

mina HiSeq2500 platform with the PE250 sequencing
strategy (PE251 + 8 + 8 + 251).

Sequence processing
Raw sequences were assigned to each sample based on
their unique barcode and primer; subsequently, the bar-
codes and primers were removed. At the same time,
paired-end low-quality reads were filtered based on qual-
ity score, adapter contamination, and N base ratio.
Paired-end clean reads were merged using FLASH

(fast length adjustment of short reads, v1.2.11) [29] ac-
cording to the relationship of the overlap between
paired-end reads. This was done when at least 15 bp of
the read overlapped the read generated from the oppos-
ite end of the same DNA fragment, the maximum allow-
able error ratio of an overlap region was set as 0.1, and
merged sequences were called clean tags.
Tags were assigned to OTUs using USEARCH

(v7.0.1090) software [30], and tags with ≥97% similarity
were clustered to the same OTU. It has been reported
that a singleton OTU could be obtained due to sequen-
cing errors or chimeras generated during PCR; therefore,
chimeric sequences were detected and removed using
UCHIME (v4.2.40) [31] according to the match of repre-
sentative OTUs to the gold database (v20110519). The
abundance of each OTU was quantified using usearch_
global algorithm by matching all clean tags to final
OTUs, and normalized using a standard number corre-
sponding to the sample with the least sequences.
Representative OTUs were annotated using the RDP

classifier (v2.2) software [32] based on the homolog of
the Greengene database (v201305), with the confidence
threshold set to 0.8. OTUs without annotation or anno-
tated to polluted species were removed, and the number
of effective tags and information regarding OTU taxo-
nomic synthesis were recorded in a table for the next
analysis. The structure of the bacterial community of
each sample was analyzed at all levels of taxonomy, with
the relative abundance less than 0.5% in all samples
combined with others.

Statistical analysis
Common and specific OTUs among groups were com-
pared and displayed using VennDiagram R (v3.1.1). Ana-
lysis of similarities were performed using Bray-Curtis in
the vegan package of R (v3.5.1); comparison of differ-
ences between and within the groups was available,
thereby allowing testing of the availability of grouping.
Alpha diversity was applied to analyze the complexity

of species diversity of a sample using many indexes, such
as observed species, Chao, Ace, Shannon, and Simpson.
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All indices of our samples were calculated using Mother
(v1.31.2) [33], and comparisons among groups were per-
formed using the Kruskal test. Observed species and
Chao were selected to identify community richness,
whereas Shannon was used to identify community diver-
sity. Beta diversity [34, 35] was used to evaluate the dif-
ferences in species complexity among different samples,
and was calculated on both weighted and unweighted
UniFrac using QIIME (v1.80). Partial least squares dis-
crimination analysis (PLS-DA) was built using the
mixOmics library of R (v3.2.1), which was used to esti-
mate the classification of samples and assess the vari-
ation in study groups.
We analyzed the differential abundance at the phylum,

class, order, family, genus, and species levels. Differential
abundance analysis was performed using LEfSe [36],
with the P value less than 0.01 and an LDA score more
than 2 being considered significant. To quantify the ef-
fective size of the differential taxa, we used the fold
change of the mean relative abundance between groups.
Comparisons between probabilities, as well as overall
differences in the mean relative abundance of each taxon
between the two groups (Fa-Fb, Fa-NC, or Fb-NC) were
evaluated using a paired Wilcoxon rank sum test. Com-
parisons among three or more groups, such as compari-
sons among Fa, Fb and NC groups were performed
using the Kruskal-Wallis test.
The ROC curve was used to assess the confidence

level of the classification model. Accordingly, ROC ana-
lysis and the AUC values were calculated using the
pROC package of R.
MetaCyc pathway prediction was performed using

Picrust2, MetaCyc (https://metacyc.org/) containing
pathways involved in primary and secondary metabol-
ism, related metabolites, and enzymatic reactions. Differ-
ential functions were analyzed using the Wilcox-test
between the two groups. Correlation was tested by Pear-
son’s coefficient using the R package.
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