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Abstract
Background  Patients with pancreatic ductal adenocarcinoma (PDAC) display an altered oral, gastrointestinal, and 
intra-pancreatic microbiome compared to healthy individuals. However, knowledge regarding the bile microbiome 
and its potential impact on progression-free survival in PDACs remains limited.

Methods  Patients with PDAC (n = 45), including 20 matched pairs before and after surgery, and benign controls 
(n = 16) were included prospectively. The characteristics of the microbiomes of the total 81 bile were revealed by 16  
S-rRNA gene sequencing. PDAC patients were divided into distinct groups based on tumor marker levels, disease 
staging, before and after surgery, as well as progression free survival (PFS) for further analysis. Disease diagnostic 
model was formulated utilizing the random forest algorithm.

Results  PDAC patients harbor a unique and diverse bile microbiome (PCoA, weighted Unifrac, p = 0.038), and 
the increasing microbial diversity is correlated with dysbiosis according to key microbes and microbial functions. 
Aliihoeflea emerged as the genus displaying the most significant alteration among two groups (p < 0.01). Significant 
differences were found in beta diversity of the bile microbiome between long-term PFS and short-term PFS groups 
(PCoA, weighted Unifrac, p = 0.005). Bacillota and Actinomycetota were identified as altered phylum between two 
groups associated with progression-free survival in all PDAC patients. Additionally, we identified three biomarkers 
as the most suitable set for the random forest model, which indicated a significantly elevated likelihood of disease 
occurrence in the PDAC group (p < 0.0001). The area under the receiver operating characteristic (ROC) curve reached 
80.8% with a 95% confidence interval ranging from 55.0 to 100%. Due to the scarcity of bile samples, we were unable 
to conduct further external verification.
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Introduction
Conventional wisdom says that bile is completely ster-
ile. However, further research has identified that there 
is a certain amount of microbiota in bile closely relating 
to biliary diseases [1–3]. The homeostasis of the human 
microbiome is crucial for maintaining normal physiologi-
cal activities, and imbalance of microbiota environment 
is associated with various diseases.

Pancreatic ductal adenocarcinoma (PDAC) is a malig-
nancy of high aggressiveness, associated with a bleak 
prognosis and a gradually increasing incidence world-
wide [4]. In addition to complex gene expression profiles, 
the driving factors of PDAC development involve family 
genetics, age, diet, lifestyle, long-term chronic inflam-
mation [5, 6], and altered microbiome [7–9], which has 
received much attention in recent years. Riquelme, E et 
al. have demonstrated the existence of microbiota in 
PDAC tissue, revealing alterations in the tumor micro-
biome correlate with the overall survival time of PDAC 
patients following surgical intervention [10]. To gain a 
profounder comprehension of influence of the microbi-
ome on PDAC development, Udayasuryan, B et al. con-
ducted the microbiota transplantation experiment in 
nude mice confirming that microbiome could promote 
the progression of PDAC [11].

In addition to PDAC tissue, researchers have also 
found alterations of microbiota in feces [12–14], pancre-
atic juice [15], duodenal fluid [16], salivary [17], and bile 
[18]. Among the specimens that can be obtained before 
surgery, bile is closer to the primary pancreatic lesion 
than saliva, plasma, or feces, reflecting certain ignored 
information. During surgery, bile can also be collected for 
analyzing components to assist in predicting prognosis 
with certain research value. Compared to pancreatic juice 
that is only obtained during surgery, bile can be obtained 
before surgery in some cases, which will contribute to 
guiding clinical decisions to some extent avoiding certain 
limitations. Due to the limited sequencing data available 
for PDAC-related bile samples, further confirmation is 
needed. At the anatomical level, the bile duct is adjacent 
to pancreatic tissue, and the common bile duct along 
with pancreatic duct merge into the duodenum. Due to 
their close anatomical relationship, alterations may occur 
in the bile microbiome of PDAC patients.

In present study, we gathered bile samples from 45 
PDACs, including 20 matched pairs before and after 
surgery, and 16 patients with benign biliary disease who 
underwent surgery for 16srRNA sequencing to explore 

whether the bile microbiome of PDAC patients has 
changed. We also analyzed whether changes in the bile 
microbiome of PDAC patients correlated with tumor 
marker levels, disease staging, before or after surgery. 
Furthermore, PDAC patients were divided into long-
term progression free survival (PFS) and short-term 
PFS groups, to assess variations in the composition of 
bile microbiota among two groups. Finally, we first con-
structed a prediction model based on bile biomarkers, 
aiming to use it as a novel diagnostic tool.

Methods and materials
Patient enrollment and biospecimen collection
For this study, forty-five patients diagnosed with PDAC, 
and sixteen benign controls were enrolled during a rou-
tine surgical visit at Zhejiang Cancer Hospital in China. 
Participants aged between 18 and 75 years old were eli-
gible. However, Individuals were excluded from the study 
if they had any of the following conditions: (a) a concur-
rent diagnosis of another type of malignant tumor, (b) a 
past history of myocardial infarction or any other cardio-
vascular diseases, (c) a record of organ transplantation or 
immune system-related illnesses, (d) Significant mental 
health issues, (e) a history of substance abuse, or (f ) were 
currently pregnant or in the perinatal period. Addition-
ally, (g) patients were required not to have undergone 
antibiotic treatment within six months prior to biospeci-
men collection, as this period is generally considered suf-
ficient for the microbiome to recover following antibiotic 
administration.

Routine use of Percutaneous transhepatic cholan-
gial drainage (PTCD) puncture for jaundice reduction 
is conducted on patients with preoperative obstructive 
jaundice. For other patients, bile is obtained from the sur-
gical specimens. One week after surgery, bile is obtained 
through preoperative placement of PTCD tube or in-sur-
gery placement of T-tube.

A total of 61 patients fulfilled the requirements for 
inclusion in the analysis, comprising 45 patients with 
PDAC and 16 control individuals. Table  1 presents a 
comprehensive description of the patients. Prior to their 
participation in the study, all individuals provided writ-
ten informed consent. The research adhered strictly to 
the ethical guidelines established in the 1975 Helsinki 
Declaration.

Conclusion  PDAC is characterized by an altered microbiome of bile ducts. Biliary dysbiosis is linked with progression-
free survival in all PDACs. This study revealed the alteration of the bile microbiome in PDACs and successfully 
developed a diagnostic model for PDAC.

Keywords  Pancreatic ductal adenocarcinoma, Bile microbiome, Progression free survival
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DNA extraction and sequencing of 16 s rRNA amplicon
Using the DNA Isolation Kit, DNA was extracted from 
bile, strictly adhering to the manufacturer’s instruc-
tions. The concentration and purity of the extracted 
DNA were visually evaluated on 1% agarose gels. Fol-
lowing this inspection, the DNA was diluted to a con-
centration of 1ng/µL with sterile water. Amplification of 
the bacterial 16 S rRNA V3 region was achieved using a 
universal primer pair, and the PCR reaction was carried 
out with Phusion® High-Fidelity PCR Master Mix. Fol-
lowing agarose gel electrophoresis of the PCR products, 
DNA fragments measuring approximately 400 to 450 bp 
were chosen for further manipulation. The TruSeq® 
DNA PCR-Free Sample Preparation Kit from Illumina 
was employed to create libraries, following the manufac-
turer’s prescribed steps. Thereafter, sequencing of these 
libraries took place on the Illumina MiSeq platform.

Clustering and annotation of OTU, analysis of bacterial 
diversity and functional annotation using KEGG pathway
The 300 bp paired end reads underwent assembly utiliz-
ing FLASH (V1.2.11), followed by quality filtering with 
QIIME (V1.9.1). Using UCHIME, chimera sequences 
were eliminated, and subsequent sequence analysis was 
performed with Uparse software (V8.1.1861). Opera-
tional taxonomic units (OTUs) were assigned to the 
sequences, with a similarity threshold of 97% or higher 
guiding the grouping process. For OTU annotation, the 
SILVA reference database was utilized.

To assess the complexity of the microbial diversity 
within each sample, alpha diversity analysis was per-
formed employing six indices: Observed-species, Chao1, 
Shannon, Simpson, ACE, and Good-coverage. These 

indices were calculated using QIIME (Version 1.9.1) and 
were subsequently visualized through R software (Ver-
sion 3.2.2).

Beta diversity analysis was conducted to evaluate the 
variations in the complexity of microbial composition 
across diverse samples. Beta diversity was measured 
by employing both weighted and unweighted UniFrac 
metrics, which were calculated using QIIME software 
(V1.9.1). Before performing cluster analysis, the dimen-
sionality of the original variables was reduced through 
a principal component analysis (PCA) using the Fac-
toMineR and ggplot2 packages in R software (V3.2.2). 
After conducting PCA, Principal Coordinate Analysis 
(PCoA) was utilized to extract principal coordinates, 
facilitating the visualization of intricate, multidimen-
sional data. This involved transforming the distance 
matrix of weighted or unweighted UniFrac among sam-
ples into a collection of orthogonal axes. In this visual-
ization, each principal coordinate captured a decreasing 
order of variation factors. The results of the PCoA anal-
ysis were presented using the vegan, stat, and ggplot2 
packages in R software (V3.3.0). Performed the T-test on 
the relative abundance of samples among groups to iden-
tify significant differences (p ≤ 0.05).

To identify statistically significant biomarkers, the Lin-
ear discriminant analysis effect size (LEfSe) approach was 
employed through an online tool, enabling the screening 
of differentially abundant features [19]. The functional 
characteristics of the microbial community was predicted 
utilizing the Tax4Fun software [20].

Constructing a PDAC diagnostic model based on bile 
microbiome
To assess significant differences in OTUs between two 
groups, Student’s t-test was utilized. Subsequently, a 
random forest classification model was employed with 
five-fold cross-validation on the filtered OTUs. Utilizing 
cross-validation results, a preeminent trio of biomarkers 
was selected for assessing the model’s capacity to predict 
disease occurrence. The receiver operating characteristic 
(ROC) curve was plotted leveraging the pROC package, 
with the area under the ROC (AUC) curve serving as a 
metric to gauge the model’s predictive performance.

Results
Alteration of bile microbiota diversity in PDAC
In the current research, a total of 81 bile samples were 
gathered from the department of Hepatobiliary and 
pancreatic surgery at Zhejiang Cancer Hospital. Among 
them, 65 belonged to PDAC patients, of which 20 pairs 
were paired before and after surgery, the remaining 25 
were unpaired PDAC bile samples. 16 benign control 
bile samples were collected from patients with benign 
biliary diseases, with leading indications in controls were 

Table 1  Clinico-pathological Characteristics of PDAC and benign 
control Patients
Factor PDAC(n = 45) Benign control(n = 16)
Age(years) 69(34–80) 53(33–72)
Gender(F/n) 18/45 7/16
BMI
Hypertension(n)
Diabetes(n)
Jaundice
Tumor location

21.8 ± 2.8
18(40.0%)
11(24.4%)
19(42.2%)

24.56 ± 3.0
3(18.8%)
2(12.5%)
0(0.0%)

  Pancreatic head
Pancreatic head and neck

44
1

TNM staging (n)
  I
  II
  III
  IV

8(17.8%)
21(46.7%)
14(31.1%)
2(4.4%)

CA199 at diagnosis (u/mL)
  ≤37/>37 11/34
Data are presented as mean ± SD or median (1st-3rd quartile) depending 
on the normality of the distribution. F: female, PDAC: pancreatic ductal 
adenocarcinoma, BMI: Body Mass Index
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bile duct stones and gallbladder polyps. Detailed clinical 
information regarding the patients has been incorporated 
in Table 1.

The OTUs of PDAC (n = 45) and benign controls 
(n = 16) were first identified. Although the difference in 
the median values of OTU number existed among two 
groups, there is no significant difference in the OTU 
number (Fig.  1A). Furthermore, a Venn diagram was 
utilized to elaborate the relationship between the two 
groups. Among the 453 total OTUs identified, 221 were 
commonly observed in both groups, whereas 175 were 
exclusively present in the PDAC group and 46 were 
uniquely found in the benign control group. (Fig. 1B).

To further comprehend the alteration in the bile micro-
biome, we analyzed Alpha diversity indices such as Ace, 
Shannon, and Simpson. Nevertheless, no notable dif-
ferences were identified in the alpha diversity of the bile 
microbiome among two groups.

Beta diversity was visualized through NMDS, PCA, 
and PCoA using Weighted Unifrac distance and 
Unweighted Unifrac distance (Fig. 1C-F), to enhance our 
comprehension of bile microbiome diversity and its rela-
tionship to disease. Significant differences were found in 

beta diversity of the bile microbiome between PDAC and 
benign control (PERMANOVA omnibus test, p < 0.05).

These results indicated that significant differences 
existed in the biodiversity of bile microbiome between 
the PDAC and benign control groups, necessitating fur-
ther analysis to gain a deeper comprehension.

PDACs bile harbor a unique and diverse microbiome
With knowing the alteration of bile microbiome bio-
diversity in PDACs, we proceeded to identify the spe-
cific constituents of the bile microbiota, focusing on its 
abundance.

Due to the lack of clarity regarding the fundamental 
Composition of the bile microbiome in a healthy state, we 
conducted an investigation into the bile core microbiome 
profiles of both benign controls and PDAC patients at the 
phylum taxonomic level (Fig. 2A). Pseudomonadota was 
the most abundant phylum, comprising 86.1% of total 
OTUs in PDACs and 89.6% in benign controls, respec-
tively. Bacillota and Actinomycetota followed closely, 
with these three phyla collectively accounting for over 
90% of the total OTUs. No significant differences were 
found in phylum of the bile microbiome composition 

Fig. 1  Biodiversity and Compositional Profile of Bile Microbiota. (A) Observed OTUs in both groups. (B) Venn Diagram of Overlaps in Bile Microbiota 
Composition Based on OTUs. Beta-diversity of bile microbiome based on PCA, R²=0.0422 (C), PCoA Weighted Unifrac distance, R²=0.0475 (D), PCoA 
Unweighted Unifrac distance, R²=0.0429 (E), NMDS, R²=0.0422 (F). OTU, operational taxonomic unit; PCA, principal component analysis; PCoA, principal 
coordinate analysis; NMDS, nonmetric multidimensional scaling
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between PDAC and benign control, but the significant 
differences of other levels were identified (Supplementary 
Figure S1).

We conducted a deeper analysis of the genus-level 
composition of bile microbiota (Fig.  2B). Notably, 
Halomonas was the dominant genus in both groups, 
followed closely by Acinetobacter, Aliihoeflea, and Pela-
gibacterium. Furthermore, we revealed significant dif-
ferences in the abundance of 12 genera between the two 
groups. Interestingly, only five genera—Aliihoeflea, Pela-
gibacterium, Maricaulis, Mesorhizobium, and Saccha-
ropolyspora were observed to be enriched in the benign 
controls, while the remaining genera exhibited enrich-
ment in PDACs. (Fig. 2C).

In the genus level, we identified differences in bile 
microbial community composition between PDACs and 
benign controls. To better determine whether there is a 
single bacterial species with differences, we conducted 
further analysis at the species taxonomic level (Fig. 2D). 
Among the species identified, 16 species were found 
to differ significantly between the two groups. Nota-
bly, only four species—Maricaulis_sp._DY14, Rhizo-
bium_sp._CC-NWNX0083, Saccharopolysporapogona, 

and Rhizobiales_bacterium_HP2L—were observed to be 
enriched in the benign controls, while the remaining spe-
cies exhibited enrichment in PDACs.

Essential bile microbes and microbial functions in relation 
to PDAC
LEfSe analysis was performed to assess the vital micro-
bial biomarkers that distinguish between PDAC and 
benign control groups. As depicted in Fig.  3A, B, two 
phyla Bacillota and Actinomycetota, one class Actino-
mycetota, three orders Micrococcales, Pseudomonadates 
and Xanthomonadates, one familiy Micrococcaceae, one 
genus Nesterenkonia, and two species Citrobacter_freun-
dii and Nesterenkonia_sp_MCCC_1A10686 were notably 
enriched in PDACs. one family Dietziaceae was found 
enriched in benign controls, as well as two genera includ-
ing Achromobacter and Dietzia. Beside two species Diet-
zia_sp_14C71633 and Chrysepbacterium_sp_TDMA_1 
were also increased in benign controls.

Furthermore, we predicted the functional profiles of 
the bile microbial community by utilizing the KEGG 
pathway and KEGG orthology (Fig. 3C, D). Four distinct 
pathways were identified in the PDAC group, including 

Fig. 2  Bile microbiota composition in PDAC and benign control. (A) Median relative abundances at the phylum level, and (B) median relative abundances 
at the genus level. The 14 most abundant genera are represented, while all others are grouped under the category ‘others’. (C) Significant differences in 
genera between the two groups. (D) Significant differences in species between the two groups
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Amino sugar and nucleotide sugar metabolism, Bacte-
rial invasion of epithelial cells, Pyrimidine metabolism 
as well as Porphyrin and chlorophyll metabolism. Five 
specific pathways were identified in the benign control 
group, including Glycine serine and threonine metabo-
lism, Cell motility and Cellular Processes, Arginine and 
proline metabolism as well as Xenobiotics biodegrada-
tion and metabolism.

Microbe abundance correlates to CA199 levels in PDACs
CA199 servers a serum biomarker playing a crucial role 
in diagnosing PDAC, with its levels closely linked to dis-
ease prognosis. Based on serum CA199 levels, 45 PDAC 
patients were divided into two groups: 20 patients with 
high serum CA199 levels (> 300U/mL) (CA199-H) and 
25 patients on the contrary (CA199-L). The same ana-
lyzes were conducted to observe any alteration in the bile 
microbiome between both groups of patients.

The Venn diagram demonstrated that 179 OTUs were 
common to both groups among the total 381 OTUs, 
whereas 74 and 105 OTUs were exclusively present in 
each group, respectively. (Supplementary Figure S2A). 
To delve deeper, we explored the relative abundance of 
bile microbiota across various taxonomic ranks. Spe-
cifically, at the order level, Oligoflexales demonstrated a 

noteworthy distinction between the two groups, display-
ing greater abundance in the CA199-L group. Similar 
result was displayed in Family level with 0319-6G20. In 
the species level, we further identified disparities in the 
composition of the bile microbial community between 
the two groups and Nesterenkonia_sp._DL29 were 
observed enriched in CA199-L group (Supplementary 
Figure S2B-D).

With knowing the different bile microbiota abun-
dance in two groups, we next analyzed the crucial micro-
bial biomarkers between them (Fig.  4A, B). One genus 
Arthrobacter and two species Arthrobacter_globiformis 
and Nesterenkonia-sp._DL29 were significantly enriched 
in CA19-9-L group. One family Family XI, two gen-
era Achromobacter and Finegoldia, as well as one spe-
cie Enterococcus_sp_T82_7 was increased in CA199-H 
group.

Microbe abundance correlates to the course of disease in 
PDACs
After confirming the difference in the bile microbiome 
composition between PDAC group and benign control 
group, as well as between the CA199-H and CA199-L 
groups, we proceeded to investigate whether the PDAC 
bile microbiome is associated with disease staging. 

Fig. 3  Identification of bile microbial biomarkers and microbial community functions in two groups using LEfSe analysis. (A) Cladogram representing 
specific microbial taxa in both groups. (B) Histogram displaying LDA scores for differentially abundant microbial biomarkers between the two groups. (C) 
Cladogram depicting community function profiles of both groups. (D) Histogram showing LDA scores for differentially enriched community functions 
between the two groups. LEfSe, linear discriminant analysis effect size; LDA, linear discriminant analysis
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According to disease staging 45 patients with PDACs 
were divided into three groups: 29 patients in I + II, 16 
patients in III + IV. The same analyzes were conducted to 
observe any differences in the bile microbiota between 
these two groups of patients.

As depicted in the Venn diagram (Supplementary 
Figure S3A), 187 OTUs out of the total 382 were com-
monly shared by both groups, while 138 and 49 OTUs 
were exclusively present in the I + II and III + IV groups, 
respectively. Subsequently, we conducted a further analy-
sis to explore the relative abundance of bile microbiota 

across various taxonomic levels. (Supplementary Figure 
S3B-F)

Crucial microbial biomarkers between them were fur-
ther identified (Fig. 4C, D). In III + IV group, Orbalesand 
was increased in order level. Orbaceae and Nakamurella-
ceae were enriched in family level. Gilliamella and Naka-
murella were identified as biomarkers in genus level. In 
I + II group, Halorubrum-sp_YIM_93749 was identified 
as a biomarker.

Fig. 4  Identification of bile microbial biomarkers in diverse groups using LEfSe analysis. (A, B) CA199-H and CA199-L groups. (C, D) I + II and III + IV groups. 
(E, F) post-operation and pre-operation groups
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Altered bile microbiome in PDACs after operation
Comparing bile samples from the same patient before 
and after surgery, we attempted to assess whether sur-
gery alters the composition of PDACs’ bile microbiome. 
There were 20 patients with PDACs who had matched 
preoperative and postoperative bile samples (Supplemen-
tary Figure S4). Allorhizobium-Neorhizobium-Pararhizo-
bium-Rhizobium was identified as a significantly different 
genus between preoperative and postoperative group. 
With aspect of crucial microbial biomarkers, Psychrobac-
ter and Sphingomonas_sp_B28161 served as genus level 
and species level biomarker in preoperative group. Meth-
ylobacterium and Enterococcus_durans were identified as 
genus level and species level biomarker in postoperative 
group (Fig. 4E, F).

Patients with long-term progression-free survival harbored 
a unique and diverse bile microbiome
We further explored whether there would be differ-
ent bile microbiomes between patients with long-term 
PFS and short-term PFS in PDACs. We defined the 

short-term PFS as less than 180 days and the long-term 
PFS as more than 360 days. Among them, 13 patients had 
a short progression-free survival, and 19 patients on the 
contrary.

As indicated in the Venn diagram (Fig. 5A), 167 OTUs 
out of the total 311 were commonly shared between 
the two groups, while 105 and 62 unique OTUs were 
uniquely possessed by the long-term PFS and short-term 
PFS groups, respectively. We further investigated the 
biliary core microbial profiles between two groups on 
the phylum and genus taxonomic level (Fig. 5B, C). Beta 
diversity was visualized by NMDS, PCA, and PCoA using 
Weighted Unifrac distance (Fig.  5D-F). Significant dif-
ferences were found in beta diversity of the bile microbi-
ome between long-term PFS and short-term PFS groups 
(PERMANOVA omnibus test, p < 0.05).

Further investigation was conducted to explore the rel-
ative abundance of bile microbiota across various taxo-
nomic levels. (Supplementary Figure S5). In phylum level, 
Bacillota enriched in short-term PFS group and Actino-
mycetota enriched in long-term PFS group (Fig. 6A). In 

Fig. 5  Bile microbiota composition in short-term PFS and long-term PFS patients. (A) Venn Diagram Illustrating Overlapping Components of Bile Mi-
crobiota Composition Based on OTUs. (B) Median relative abundances at the phylum level, and (C) median relative abundances at the genus level, with 
the top 14 most abundant genera represented and all remaining genera grouped under the category ‘others’. Beta-diversity of bile microbial community 
based on PCA, R²=0.0972 (D), PCoA, R²=0.1491 (E), NMDS. R²=0.0972 (F). PCA, principal component analysis; PCoA, principal coordinate analysis; NMDS, 
nonmetric multidimensional scaling
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genus level, long-term PFS group harbored four genera 
with significant difference between two groups as well as 
four species (Fig. 6B, C). To further explore whether the 
expression levels of differential bacteria have prognostic 
significance in all PDAC patients, we divided the patients 
into various groups based on the expression levels of the 
differential bacteria. When the expression level of Bacil-
lota in bile was above 500, the patient’s progression-free 
survival was shorter (Fig. 6D, p < 0.05). Conversely, with 
the expression level of Actinomycetota exceeding 1000, 
the outcome for patients was better (Fig. 6E, p < 0.0001). 
Focusing on the differentially expressed strain Halomo-
nas_johnsoniae, when its expression abundance in PDAC 
bile was more than 15,000, the patient’s progression-free 
survival was longer (Fig. 6F, p < 0.05).

With knowing the different bile microbiota abundance 
in two groups, we next analyzed the crucial microbial 
biomarkers between them (Supplementary Figure S6). 
One family Devosiaceae, three genera Zoogloea, Acidovo-
rax and Ramlibacter, as well as one species were identi-
fied as biomarkers in long-term PFS group.

Exploring the diagnostic potential of PDAC through bile 
microbial biomarkers
Microbial biomarkers exhibit the close correlation with 
certain human diseases [21]. Developing a prediction 
model to distinguish PDACs from benign controls based 
on bile microbial biomarkers is an intriguing pursuit, 
offering a promising method for clinical diagnosis of 
PDAC. To achieve this, we leveraged samples from the 
PDAC group to construct a random forest classifica-
tion model. Through rigorous testing involving various 
numbers of operational taxonomic units (OTUs), we 
identified a set of three OTUs as the optimal biomarker 
combination, validated through fivefold cross-validation 
(Fig.  7A). Figure  7B presented the top 20 OTUs along 
with their MeanDecreaseAccuracy values, providing a 
comprehensive overview of the most influential microbial 
markers. Notably, the area under the ROC curve (AUC) 

achieved an impressive 80.8%, with a 95% confidence 
interval ranging from 55.0 to 100% (Fig.  7C), indicating 
the high diagnostic accuracy of our model. Additionally, 
Fig. 7D clearly demonstrates a substantial increase in the 
probability of disease (POD) value in the PDAC group 
compared to the benign control group, achieving a sig-
nificant p-value of less than 0.0001, further strengthening 
the diagnostic potential of our model. However, the vali-
dation of this model was hindered by the limited sample 
size of this study, as well as the currently limited data 
regarding the bile microbiome of PDAC patients.

Discussion
Overall, the development of PDAC is influenced by 
numerous factors, and the impact of the microbiome 
cannot particularly be ignored. In human body, the 
microbiome is a complex and dynamically changing 
micro-ecosystem closely relating to individual life activi-
ties [22]. For PDAC, the difference in microbiota com-
munities between the tumor and normal tissue has been 
identified associating with survival time [10]. Among the 
PDAC available samples, researchers also analyzed the 
alterations in the microbiome of saliva, feces, plasma, 
pancreatic juice, duodenal juice, and bile. Among the 
pre-operative samples available, bile may reflect informa-
tion with concealing in routine samples due to its prox-
imity to the anatomical relationship with the primary 
pancreatic lesion and obtaining bile specimens before 
surgery is feasible with certain research value. With fur-
ther research, it has been identified that there is a certain 
amount of microbiota in bile closely relating to biliary 
disease. Anatomically, the common bile duct and pan-
creatic duct merge into the duodenum, it is possible that 
the biliary microbiota of pancreatic cancer patients has 
also changed. Although previous studies have involved 
the analysis of biliary microbiota in PDAC patients [15, 
18, 23], the results still need to be further confirmed due 
to the limited size of the bile sample and the restricted 

Fig. 6  Identification of differential bacteria between short-term PFS and long-term PFS groups (A) Distinct Phyla, (B) Genera, (C) Species Identified be-
tween two Groups. Survival analysis of the relationship between Bacillota (D), Actinomycetota (E), Halomonas_johnsoniae (F) and PFS of PDAC patients
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sequencing data available for PDAC-associated bile 
samples.

In our study, we gathered bile samples from patients 
diagnosed with PDAC and benign biliary diseases at 
the Zhejiang Cancer Hospital. Subsequently, the com-
prehensive analysis of the bile microbiota community 
composition was conducted using 16  S rRNA amplicon 
sequencing. We used sequencing to reveal the compo-
sition of bile microbiome in PDAC, the alterations of 
which correlated to CA199 level, disease staging, sur-
gery and PFS. When compared to benign controls, the 
biodiversity of the bile microbiota has been identified as 
significantly altering in the PDAC group. Furthermore, 
through the application of a random forest classification 
model, we made the initial discovery of biomarkers for 
PDAC diagnosis. These outcomes hinted at the potential 
of biomarkers from the bile microbiota as a novel diag-
nostic tool for PDAC. The stability of the microbiota is 
crucial for maintaining normal physiological processes, 
and the disruption of microbiota homeostasis is closely 

associated with disease progression [24]. The upregula-
tion of microbiota diversity in PDACs, to some extent, 
that the growth of microbiota existing in the normal state 
is inhibited.

In phylum level, the abundance of Bacillota was slightly 
altered in PDACs compared to benign controls. Corre-
spondingly, A notable variation in the abundance of Bac-
illota was observed between the short-term PFS group 
and the long-term PFS group, which correlated with the 
overall PFS in PDAC patients. Bacillota play a role in the 
dehydration of bile acids, transforming them into deoxy-
cholic acid and lithocholic acid, both detrimental to cell 
[25]. Actinomycetota are enriched in long-term PFSs 
and, converse to Bacillota, are associated with overall 
PFS in PDACs. At the genus level, 12 genera were identi-
fied as being differentially enriched in PDAC and benign 
control groups, with five of the highly abundant genera 
being concentrated in the benign control group, indicat-
ing that the abundance of dominant microbiota commu-
nities in bile has changed, affecting the bile microbiome 

Fig. 7  Identification of PDAC Diagnostic Biomarkers in Bile Microbiota Using OTU-Based Random Forest Model. (A) Fivefold cross-validation was con-
ducted with varying numbers of OTUs. (B) Listed are the top 20 tested OTUs, with a higher MeanDecreaseAccuracy value indicating greater significance 
in the classification model. (C) The area under the curve (AUC) between the two groups was 80.08% (95% CI: 55.0–100%). (D) The probability of disease 
(POD) value was significantly different between PDACs and benign controls, ***p < 0.001. AUC, area under the curve; CI, confidence interval; POD, prob-
ability of disease
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homeostasis. Compared to the short-term PFS group, 
four genera were identified as being enriched in the long-
term PFS group. Specifically, Halomonas_johnsoniae 
was enriched in the long-term PFS group at the species 
level, and its abundance was found to be associated with 
patient prognosis. We further constructed a PDAC pre-
diction model based on bile microbial biomarkers, but 
due to the scarcity of bile samples, the limited sample size 
and current research constraints, the model needs fur-
ther validation.

Our analysis of the functional characteristics of the 
bile microbial community revealed distinct enrichments 
in several pathways between the two groups. Specifi-
cally, four pathways were enriched in the PDAC group: 
Bacterial invasion of epithelial cells, Amino sugar and 
nucleotide sugar metabolism, Pyrimidine metabolism as 
well as Porphyrin and chlorophyll metabolism. Pyrimi-
dine metabolism is a hallmark of cancer and is associated 
with resistance to gemcitabine in PDAC [26]. Modulating 
Pyrimidine metabolism can slow down the disease pro-
gression to some extent. Bacterial invasion of epithelial 
cells can exacerbate the disease progression by regulat-
ing cell proliferation, migration, and invasion [27, 28]. 
In PDAC, abnormal tumor metabolism plays a promo-
tive role in disease progression. Distinct groups based on 
tumor marker levels, disease staging, and before and after 
surgery did not identify differences in the microbiota. 
This may be due to the limited sample size, and the bile 
microbiome in PDAC requires further investigation.

As bile microbiome research is still in its infancy, we 
analyzed the original sequencing data of special bile sam-
ples to restore their original appearance without deleting 
the so-called kitome taxa [29]. This is because remov-
ing kitome sequences from special samples, as reported 
by peers, may make it difficult to obtain unique micro-
biome information from those samples [30]. The micro-
biome of bile samples is not entirely the same as that of 
other parts of the human body. Moreover, some species 
in the kitome taxa naturally exist in the human body and 
are closely related to the occurrence and development of 
diseases [10, 31–36]. Deleting kitome sequences prema-
turely may lead to the loss of potentially important infor-
mation. Since we did not delete the kitome sequences, 
we made every effort to minimize the possibility of 
contamination both pre- and post-sequencing. Firstly, 
during the sample collection phase, we thoroughly imple-
mented aseptic principles and properly preserved the 
samples. Secondly, in the experimental process, we used 
Water nuclease-free as a negative control and performed 
extraction, library construction, and sequencing experi-
ments synchronously with other samples to ensure that 
experimental operations did not affect the sample data. 
Finally, we overlapped the kitome data with our sequenc-
ing data for reference (Supplementary Table S1). Due to 

the special nature of bile samples and their unique micro-
biome composition, we did not delete the kitome taxa. 
Although the kitome may indicate potential contamina-
tion of the data, given the specificity of bile samples, we 
still retained them. Some of these bacteria are closely 
related to disease progression, and we retained this infor-
mation to explore its potential value. Kitome data may 
cause misinterpretation of experimental results, but to 
ensure the authenticity of sample sequencing and avoid 
losing potentially important information, we made every 
effort to minimize the possibility of contamination and 
followed the practices of our peers to retain and analyze 
these data [1, 37–39].

Here, we revealed compositional differences in the bile 
microbiome between PDAC and benign control groups. 
We discovered a combination of bile microbial bio-
markers capable of distinguishing PDAC patients from 
those with benign conditions, achieving a relatively high 
specificity of 80.8%. Nevertheless, the limited sample 
size precluded the conduct of a validation study in the 
PDAC patient cohort. Consequently, larger-scale studies 
are imperative to further assess the clinical utility of the 
established classifier.

Conclusions
In conclusion, our study has identified compositional 
differences in the bile microbiome between PDAC and 
benign control groups. With in-depth group analysis, we 
found differential bacteria between the long-term and 
short-term PFS groups being associated with PFS in all 
PDAC patients. Bile bacterial species have the potential 
to serve as valuable biomarkers for diagnosing PDAC and 
distinguishing it from benign conditions. We first con-
structed a PDAC prediction model based on bile micro-
biome as a diagnostic tool. Overall, these results suggest 
that the distinct mechanisms and impacts of the biliary 
microbiota in PDAC patients merit further investigation.
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