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Information (NCBI) non-redundant (NR) database by
DIAMOND v0.7.12 for taxonomic annotations.

Bioinformatics and Statistical Analysis

Continuous variables were compared using a t-test, and
categorical variables were compared using the Fisher's
exact test. A P value <.05 was considered statistically
significant. Shannon and Chao1 indices (a-diversity)
were measured to describe species evenness and rich-
ness. To examine the between-group discrepancy in
microbial composition, principal coordinate analysis
(PCoA, p-diversity) was conducted using Bray-Curtis
distance with ggplot 2 package in R software (version
3.3.2). The linear discriminant analysis (LDA) effect size
(LEfSe) was applied to determine the influential micro-
biota most likely to represent the differences between
AA and NC groups. The threshold was set at LDA<3 and
P<.05.

Microbial co-occurrence networks in AA and NC groups
were established based on SparCC correlation analysis,
respectively. Species with significantly different abun-
dance (top 50) were selected and evaluated (correla-
tion coefficient> [0.2] and P<.05). Differentially enriched
pathways were identified by integrating unigenes into
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database. The prediction model for early detection of AA
was constructed using a random forest classifier.

RESULTS

Clinical Information of the Study Cohorts

From February 2023 to October 2023, a total of 52 indi-
viduals were enrolled in the study, comprising 26 AA
patients and 26 age- and sex-matched normal controls
(NC). In the AA group, 5 patients were identified with
tubular adenoma with a size >10 mm, 6 patients with vil-
lous histology, and 15 with HGD (Figure 1). The BMI and
smoking status of the AA and NC groups were compa-
rable (P>.05). The baseline data are demonstrated in
Table 1. All participants were Han Chinese and lived in the
Beijing region.

Overall Analysis of Microbial Communities in Advanced
Adenoma and Normal Control Group

After the data filtering process, 2 670 223 genes were
obtained from 52 fecal samples by shotgun metagenomic
sequencing. The refraction curve indicated a sufficient
sequencing depth for microbiome analysis (Figure 2A).
Venn diagram showed that there were 161 741 unique
genes in the AA group and 229 246 unique genes in the
NC group (Figure 2B).

Shannon and Chao1 index (alpha diversity) were used to
evaluate the overall microbiota characteristics in terms of
richness and evenness. Despite no statistical significance,
the alpha diversity of the AA group tended to be lower
than that of the NC group (Figure 2C, Shannon index, P

Figure 1. Endoscopic presence (WLI and NBI mode) and corresponding histopathological findings of colorectal advanced adenoma.
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Table 1. Baseline Characteristics of AA Patients and NC
Participants

AA Group NC Group

Characteristics (n=26) (n=26) P
Age, years, mean + SD 63.2+80 624+71 .688
Sex, n 1.000
Female 9 9
Male 17 17
BMI, kg/m?, mean + SD 250+29 242+26 .310
Smoking status, n, % .368
Active 12 (46.1) 14 (53.8)
Quit 4 (15.4) 1(3.9)
Never 10 (38.5) 11(42.3)
Pathological classification (most
malignant adenoma), n, %
Tubular adenoma = 10 mm 5(19.2) NA NA
Villous histology 6 (23.1) NA NA
High-grade dysplasia 15 (57.7) NA NA

AA, advanced adenoma; BMI, body mass index; NC, normal control.

=.142; Chaol index, P = .473). Principal coordinate analy-
sis (beta diversity) calculated by Bray—Curtis distance was
performed to display the microbial community variations
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between the 2 groups. As shown in Figure 2D, we observed
a marginal separation of different samples (ANOSIM, R =
0.07, P =.01), indicating a mild shift of the gut microbiome
in patients with AA.

Changes of Microbial Tax Between Advanced Adenoma
and Normal Control Groups

To investigate the changes in taxonomic composition
between AA patients and control subjects, the relative
abundance of gut microbiota in different groups was
evaluated and compared at the phylum, genus, and spe-
cies levels, respectively.

At the phylum level, AA and NC groups were mainly
composed of Bacillota, Bacteroidota, Pseudomonadota,
Uroviricota, and Actinomycetota, which accounted for
over 80% of the entire microbiota (Figure 3A). Notably,
AA was featured with higher Pseudomonadota levels
(P<.01) and an increased Bacillota/Bacteroidota ratio (AA
vs.NC, 2.75 vs. 1.40, P = .26, Figure 3B).

At the genus level, Phocaeicola was obviously enriched
in the NC group followed by Paraprevotella and
Odoribacter (Figure 3C and 3D). In contrast, Escherichia,
Ruthenibacterium, and Shigella were found to be more
abundant in the AA group.

A NC )

NC

Figure 2. Fecal microbiome structure in AA and NC individuals. (A) Refraction curve based on the observed species. (B) Venn diagram showing
the unique and shared genes in AA and NC groups. (C) Alpha diversity measured by the Shannon and Chao1 index. (D) Principal coordinate

analysis (B-diversity) using Bray-Curtis distance.
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According to the microbial community profiles, 904 spe-
cies were distinct between AA patients and controls
(Supplementary Figure 1A). The top 20 species in aver-
age abundance are shown in Supplementary Figure 1B.
LefSe analysis was then performed to identify the most
differentially expressed species with an LDA score>3
(Figure 3E). We found that the levels of Escherichia
coli, Enterobacteriaceae unclassified, Roseburia homi-
nis, and Akkermansia muciniphila were enriched in the
AA group, whereas 10 species were reduced in AA indi-
viduals, including Phocaeicola plebeius, Phocaeicola
coprocola, Faecalibacterium prausnitzii, Roseburia inu-
linivorans, Bacteroides stercoris, Phocaeicola_massilie
nsis, Bacteroides caccae, Parabacteroides merdae,
Bacteroides eggerthii, and Dialister hominis (Figure 3F).
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Functional Alterations of Gut Microbes in Advanced
Adenoma Group

Altered gene abundance could reflect changing functional
patterns. To investigate the characteristic pathways of
AA, related genes were aligned to the KEGG database and
compared based on their abundance with an e-value cut-
off of 1e-5.

Totally, 21 distinct pathways were identified between
AA and NC samples (Figure 4A). Multiple pathways were
elevated in the NC group including the biosynthesis of
cofactors, biosynthesis of amino acids, and cysteine and
methionine metabolism. Among the altered functional
pathways, we found that the degradation of aromatic
compounds and tryptophan metabolism were more
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Figure 3. Gut microbiota signatures of AA and NC groups at different taxonomic levels. (A) Relative abundance of microbes (top 10) at the
phylum level. (B) Increased Pseudomonadota levels and Bacillota/Bacteroidota ratio were exhibited in AA patients. (C) Relative abundance of
microbes (top 30) at the genus level. (D) Significantly altered genus between 2 groups. (E) Most differentially enriched species identified by
LEfSe analysis (LDA>3). Red bars indicated AA-enriched species, and green bars indicated NC-enriched species. (F) Bar plot of representative
AA-enriched species, Escherichia coli, Roseburia hominis, and Enterobacteriaceae unclassified; and AA-depleted species, Phocaeicola
plebeius, Phocaeicola coprocola, and Faecalibacterium prausnitzii in all samples.
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Figure 4. Functional analysis based on KEGG. (A) Significantly different pathways between AA and NC groups. (B) Representative microbial

species involved in tryptophan metabolism.

abundant in the AA group. Tryptophan is an aromatic
amino acid and its metabolites exhibit influential effects
on CRC development. Correspondingly, microbial species
involved in tryptophan metabolism were also differen-
tially expressed between AA and NC groups (Figure 4B),
such as Akkermansia muciniphila, Bacteroides ovatus,
Clostridium sporogenes, and Limosilactobacillus reuteri.
Thus, aberrant tryptophan metabolism might be an early
event of colorectal dysplasia.

Analysis of Microbial Ecological Networks in Advanced
Adenoma and Normal Control Individuals

The stability of the gut ecosystem relies on microbiota
cooperation and competition. To explore the complex
interactions among microbial species in AA and NC
groups, co-occurrence networks were established with
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SparCC. On the whole, AA patients displayed a reduced
complexity of the microbial network with 21 nodes and
24 edges compared to the healthy subjects with 25
nodes and 32 edges (Figure 5).

Our results demonstrated Bacteroides unclassified was
the major species contributing the most connections
for both groups. Especially in the AA group, Bacteroides
unclassified harbored positive correlations with 8 spe-
cies (Phocaeicola vulgatus, Bacteroidales unclassi-
fied, Bacteroides uniformis, Bacteroides xylanisolvens,
Bacteroidaceae  unclassified, Bacteroides  ovatus,
Bacteroides fragilis, Bacteroides_thetaiotaomicron) and
negative correlations with 3 species (Caudoviricetes sp.,
Ruminococcus unclassified, Eubacterium sp. CAG:180).
Moreover, the correlation of Bacteroides unclassified with
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Figure 5. Species-level co-occurrence networks in NC (A) and AA group (B). Correlation coefficients among gut microbes were represented
by edge width. Relative abundance of each microbe was represented by node color.
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Bacteroidales unclassified was found to be one of the
strongest associations (rho = 0.4379, P = .0099), which
implied the crucial role of Bacteroides as a network hub.

The decreased species network in AA might be due to
lower microbial diversity, which indicated an impaired
gut ecosystem. More probiotics in the NC group tended
to establish tight connections, such as the Roseburia
genus (Roseburia intestinalis, Roseburia inulinivorans,
and Roseburia unclassified), Lachnospira eligens, and
Faecalibacterium prausnitzii. By contrast, Escherichia
coli, a typical pathogenic microbe, harbored the strongest
inter-group connection with Enterobacteriaceae unclas-
sified in the AA group (roh = 0.478, P =.0099). This corre-
lation was not observed in the NC group, which suggested
Escherichia coli might be the key pathogenic driver for AA.

Microbiota-Based Diagnostic Model for AA

Next, we sought to evaluate the potential value of gut
microbes as prediction biomarkers for AA. Using ran-
dom forest, the importance of all the different micro-
biota between the 2 groups was ranked based on mean
decreased accuracy. After 10-fold cross-validation, 3
species were finally selected to construct the diagnostic
panel, including Roseburia inulinivorans, Faecalibacterium
longum, and Bacteroides caccae, which were depleted in
AA patients (Figure 6A). The 3-microbiota model exhib-
ited an AUROC of 0.799; the sensitivity and specificity
were both 0.769 (Figure 6B).

DISCUSSION

Here, we performed shotgun metagenomic analysis of
fecal samples to unveil the gut microbiome alterations in
AA patients. Microbial traits were investigated in terms
of taxonomic compositions, functional pathways, and
co-occurrence networks. In the meantime, a microbiota-
based prediction panel for AA was developed using a ran-
dom forest model.
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Gut dysbiosis plays vital roles in human diseases including
CRC. Previous research has screened that CRC is accom-
panied by specific changes in the microbiota community.®
For instance, the levels of Gemella, Peptostreptococcus,
and Parvimonas were found to be positively correlated
with CRC."? Han et al showed that CRC patients were
abundant in Shigella, a Gram-negative enteropathogen
that could induce colon mucosa damage and promote
tumor development with Shiga-like toxin.'® As a precan-
cerous lesion of CRC, AA is the transitional status from
normal colonic epithelium to malignant tumors. In light of
this, AA should include a unique gut microbiome different
from healthy populations or patients with CRC and NAA.
Several published pieces of literature introduced the
microbial features in AA, while the number still remained
quite few and the conclusions seemed inconsistent
across different studies.®'

In our trial, the overall microbiota community of the 2
groups demonstrated subtle separation, and we identi-
fied a series of microbiota with distinct expression in AA
patients. Notably, the Bacillota/Bacteroidota (formerly
Firmicutes/Bacteroidetes, F/B) ratio was higher in the
AA group, which is mainly caused by the reduction of
Bacteroidota levels. Bacillota and Bacteroidota are 2 pre-
dominant phyla in the gut. The disorder of the Bacillota/
Bacteroidota ratio has a close relationship with obesity,
IBD, and benign prostate hyperplasia.” The link between
the Bacillota/Bacteroidota ratio and CRC was unclear. In
recent studies, the ratio was found to be a potential risk
factor for breast cancer and exhibited 3 times lower levels
in patients.®

According to the LefSe analysis, 4 AA-enriched bac-
teria were screened, including Escherichia coli,
Enterobacteriaceae unclassified, Akkermansia muciniph-
ila, and Roseburia hominis. Escherichia coli is a repre-
sentative CRC-promoting bacterium. It has been proven
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Figure 6. Establishment of microbiota-based diagnostic model for AA. (A) Ranking importance of microbial species by the mean decreased
accuracy. The inset chart shows the cross-validation (CV) errors according to numbers of selected species. (B) AUC values of the diagnostic

panel using 3 microbial species.
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that Escherichia coli strains with pks islands can exploit
virulence factors and induce DNA breaks in colon cells,
thus contributing to CRC progression.'” In AA subjects,
we found the level of Escherichia coli was increased 7.95-
fold compared to that of healthy controls. The results
of our microbial network analysis also demonstrated
that Escherichia coli played an important role in AA
pathogenesis.

Interestingly, we noticed that AA patients were also
abundant in 2 probiotics, Akkermansia muciniphila and
Roseburia hominis. Akkermansia muciniphila accounts for
3%-5% of the entire microbial species in the adult colon
and confers influential benefits to the host immune sys-
tem.'® Perturbation of Akkermansia muciniphila is linked
with multiple diseases, such as diabetes, liver steatosis,
and atherosclerosis.' In mouse models, Jiang et al found
that acetyltransferase from Akkermansia muciniphila
could promote the cellular secretion of heat-shock pro-
tein 70 and the immune response of CD8+ cytotoxic T
lymphocytes, thus inhibiting colorectal tumorigenesis.?°
Roseburia hominis was found to be involved in gut health
by producing butyrate.?' A decrease of butyrate-produc-
ing bacteria has been previously reported in CRC patients,
exhibiting a reverse changing trend compared to AA.2?
This discrepancy might be attributed to the precancer-
ous nature of AA, and the elevations of the above 2 probi-
otic microbes could be a kind of adaptive response by the
human host.?®

Among the AA-diminished species, Faecalibacterium
prausnitzii is one of the most widely studied with
anti-tumorigenic and anti-proliferative properties. The
depletion of Faecalibacterium prausnitzii was com-
monly identified in IBD cases,?* which share similar
pathogenesis with colorectal AA. Moreover, Bacteroides
stercoris, a short-chain-fatty-acid (SCFA) produc-
ing microbe, was found to be downregulated in AA.
Short-chain-fatty-acid serves as beneficial agents
in maintaining the gut homeostasis. Insufficiency of
SCFAs would result in a pro-inflammatory microenvi-
ronment and lead to CRC progression.?®> However, Lee
et al noted that Bacteroides stercoris was more abun-
dant in patients with tubular adenomas,?® which was
different from our present findings. We suspected this
may be partially due to the complexity and diversity
of microbial analysis, which can be largely affected by
individual factors such as age, diet habits, and antibi-
otic use. Moreover, only simple tubular adenomas>1cm
were included in Lee’s trial. The heterogeneity in sample
composition could cause totally opposite conclusions.

Phocaeicola was a remarkably enriched microbial genus
in control subjects with increased Phocaeicola plebeius,
Phocaeicola coprocola, and Phocaeicola massiliensis.
Of note, Phocaeicola vulgatus harbored the second
most connections in the AA group following the spe-
cies of Bacteroides unclassified. Thus, the Phocaeicola
genus may be one of the influential microorganisms
tightly implicated in AA formation.

Our functional analysis revealed that the tryptophan
metabolism pathway was up-regulated in the AA group.
Tryptophan is an essential amino acid and has a relation-
ship with various diseases, including CRC.?® As a tryp-
tophan metabolite, kynurenine could result in immune
tolerance and tumor development.?” On the contrary,
derived from tryptophan as well, indolic metabolites
demonstrate a tumor-suppressing nature by prompt-
ing cell apoptosis and enhancing antioxidant activity.?® In
the present study, a series of gut microbiota differentially
expressed in AA was implicated in tryptophan metabo-
lism. For instance, Limosilactobacillus reuteri genomes
are enriched with key enzymes, which are necessary to
transform tryptophan into indolic metabolites.?® Ina 2023
study, Zhang et al reported that Akkermansia muciniphila
had an inhibitory effect on tryptophan metabolism via
the AhR/p-catenin signaling pathway to counter CRC
progression.?® Apart from tryptophan metabolism, the AA
group was also more abundant with the biosynthesis of
unsaturated fatty acids. Dysregulated lipid metabolism is
an emerging hallmark of cancers due to rapid cell growth
and increased energy demand.** However, metabolic
alterations triggered by host-microbe interactions appear
to be crucial and complex along tumor development.
Thus, further integrated analysis of the gut microbiome
and metabolome is indispensable to investigate the exact
role of metabolic reprogramming in AA.

With the advance in endoscopic techniques, complete
resection of AA lesions can be achieved under colonos-
copy, avoiding surgical colectomy at a late CRC stage.
Therefore, early detection and timely removal of AA are
considered as the effective approaches to prevent CRC
development and improving the patient’s quality of life.
Recently, the utility of gut microbiota as non-invasive
prediction biomarkers for colorectal neoplasia has been
explored. For example, Fusobacterium nucleatum was
reported to be a candidate target to distinguish CRC and
adenomas from healthy individuals.? In a 2022 study, Xu
et al constructed a prediction model for AA based on
microbiota genes, demonstrating excellent performance
with an AUC of 0.838." However, Xu's diagnostic panel
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was composed of 277 gene markers, which might limit its
generalization capability and application value in clinical
practice.

There are several limitations to be addressed. First, the
sample size of our study was relatively small, and all the
participants were recruited from the Beijing region. In the
future, nationwide multi-center trials with large cohorts
are needed to validate our findings. Secondly, metage-
nomic analysis provided the possibility of in-depth
screening of diverse microorganisms. The non-bacterial
species, such as viruses, fungi, and archaea, accounted for
less than 1% of the total microbiota, and yet they act as
essential regulators in maintaining gut health. The effect
of the sophisticated interplay among different taxonomic
species on AA occurrence deserves to be further eluci-
dated. Thirdly, due to the study design, only AA and NC
participants were enrolled in the present trial. Next, more
pathological types of CRC-associated lesions, includ-
ing NAA and advanced CRC, are required to explore the
dynamic microbial transitions along colorectal tumori-
genesis in Chinese populations.

In conclusion, our study revealed altered gut microbiome
and functional pathways in AA patients. Compared to nor-
mal controls, AA patients displayed a reduced complexity
of the microbial co-occurrence network. Furthermore, we
generated a novel diagnostic panel, including 3 microbiota
biomarkers (Roseburia inulinivorans, Faecalibacterium
longum, and Bacteroides caccae), which showed con-
siderable efficiency in AA differentiation. This work may
enrich the knowledge of dynamic microbial characteris-
tics along colorectal tumorgenesis and bring new insights
into the underlying etiology of AA.
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Supplementary Figure 1. Microbial profiles of AA patients and NC individuals at the species level. (A) Heatmap showed a clear difference of

microbial composition between two groups. (B) Differentially expressed microbiota species (top 20) in AA.



