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Recent studies have revealed that oral, gut, and intratumoral microbial dysbiosis significantly affects
tumor progression, therapy resistance, and prognosis in cholangiocarcinoma (CCA) and pancreatic
ductal adenocarcinoma (PDAC) patients. However, the biliary microbiome, which directly interacts
with malignant tissues, remains poorly understood. In this study, we analyzed the bile microbiota from
17 CCA, 15 PDAC, and 40 choledocholithiasis (CDL) patients using bacterial 16 S rRNA and fungal ITS
sequencing. Principal coordinate analysis revealed significant differences in microbial communities
between the cancer and CDL groups. The microbial community structure in each group demonstrated
a specific pattern. Linear discriminant analysis revealed Streptococcus, Sphingomonas, and Bacillus
enrichment in CCA patients, Neisseria, Sphingomonas, and Caulobacter in PDAC patients were more
prevalent compared with CDL patients. Caulobacter was more prevalent, wheares Campylobacter was
less in PDAC patients than in CCA patients. Fungal DNA was detected in ~50% of the samples, with
CCA and PDAC patients. KEGG pathway analysis revealed altered metabolic pathways, including
peptidoglycan, sphingolipid, and fatty acid metabolism and bile acid metabolism, in CCA and PDAC
patients. These findings highlight the potential role of the biliary microbiome in CCA and PDAC
pathogenesis, offering new insights into disease mechanisms and biomarkers.

Keywords Biliary Microbiome, Cholangiocarcinoma, Pancreatic carcinoma, Choledocholithiasis, 16S rRNA
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Study into the roles of microorganisms, particularly the gut microbiota, microbial communities, and localized
microbiomes, in malignant diseases has emerged as a highly active area of research. Recent studies have elucidated
the associations between the oral and intestinal microbiota and cholangiocarcinoma (CCA) and pancreatic duct
adenocarcinoma (PDAC), which are highly lethal diseases!~>. A multinational study analyzing fecal and saliva
samples from patients with PDAC using shotgun metagenomics revealed significant alterations in the gut and
oral microbiota, suggesting the presence of a global gut microbiota signature in PDAC patients?. Microbial
dysbiosis is thought to play a critical role in PDAC carcinogenesis, therapeutic resistance, and prognosis®”.
Similarly, in cholangiocarcinoma (CCA) patients, specific gut bacterial species have been identified and reported
to be associated with distinct clinical features>®. These findings underscore the importance of microbial dysbiosis
in the pathophysiology of both PDAC and CCA.

Although this is still an emerging field of research, the literature describes several direct and indirect
mechanisms modulating the increase and decrease in numbers of specific microorganisms associated with
inflammatory responses, regulation of the immune system-microbiome-tumor axis, impacts on metabolism,
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and alterations to the tumor microenvironment leading to epithelial cell transformation and DNA damage,
which have cancer-promoting effects’!!. However, since intestinal bacteria do not directly contact biliary
and pancreatic tissues, the main mechanisms by which they exert influence remain an ongoing area of
investigation. Furthermore, recent advances have revealed the presence of unique microbiomes within tumor
tissues, which were previously considered sterile. Technological progress and a deeper understanding of tumor
microenvironments have shown that the intratumoral microbiome plays a critical role in various aspects of
PDAC and CCA, including tumor progression, diagnosis, treatment response, chemotherapeutic resistance,
and immune modulation'?~16. In parallel, recent studies have characterized fungal communities within various
cancers, highlighting their distribution, interactions with immune cells, and prognostic potential'”'. For
example, pathogenic fungi have been identified as predominant fungal genera infiltrating PDAC tumors in both
mice and humans, emphasizing the importance of the mycobiome alongside the bacterial microbiome!?.

These findings raise critical questions about the mechanisms by which bacteria establish themselves in CCA
and PDAC tissues. While intratumoral bacteria have been hypothesized to originate from the gut microbiota,
possible routes of translocation include the biliary and pancreatic ducts as well as hematogenous and lymphatic
pathways1220-22_ Other reports demonstrated that pancreatic bacterial DNA profiles were similar to those
in the duodenal tissues of the same patients, regardless of disease state, suggesting that bacteria may migrate
from the gut into the pancreas'>?*?224, Furthermore, pancreatic fluid frequently refluxes into the biliary
tract (pancreatobiliary reflux); conversely, biliopancreatic reflux can occur in patients with pancreatobiliary
maljunction®, suggesting that the bacterial flora in biliary and pancreatic fluids are closely related and are
strongly influenced by the intestinal flora.

We assume that analysis of the biliary microbiome is useful for estimating carcinogenetic and
physiopathological status. In fact, previous studies have demonstrated that the biliary microbial communities
differ significantly between patients with gallbladder polyps and gallstones, suggesting a possible association with
underlying pathologies?®?%?’. However, the biliary microbiomes in patients with malignant diseases, especially
PDAC, have not been well characterized. Therefore, we investigated the biliary microbiomes and mycobiomes
of patients with choledocholithiasis (CDL), CCA and PDAC to elucidate the impact of microorganisms related
to these diseases. We found significant evidence that the biliary microbiome may influence pathophysiology in
patients with these diseases.

Results
Clinical patient characteristics
Table 1 summarizes the clinical characteristics of the study subjects. The mean ages were 77.1 years for the CDL
group, 77.5 years for the CCA group, and 77.7 years for the PDAC group, and no statistically significant differences
were observed. Blood test results revealed no significant differences among the three groups for T-bilirubin
(CDL: 5.4 mg/dL, CCA: 5.6 mg/dL, PDAC: 5.5 mg/dL), AST (CDL: 227.1 IU/L, CCA: 221.2 IU/L, PDAC: 220.2
IU/L), or ALT (CDL: 236.8 IU/L, CCA: 229.5 IU/L, PDAC: 226.8 IU/L) levels. Similarly, inflammatory markers,
such as CRP levels (CDL: 8.35 mg/dL, CCA: 7.92 mg/dL) and WBC counts (CDL: 117.5 x 10*/uL, CCA: 110.3
x10*/uL, PDAC: 107.5 x 10*/uL), did not differ significantly between the groups.

DNA was successfully extracted from 1 mL bile in all groups, with average yields of 2.4 ng/uL for the CDL
group, 3.2 ng/uL for the CCA group, and 0.3 ng/pL for the PDAC group. Compared with the CDL and CCA
groups, the PDAC group presented significantly lower DNA yields (p < 0.01).

Sequencing data and bacterial alpha and beta diversities

The 16 S ribosomal RNA genes of the bacterial communities were amplified via PCR, and next-generation
sequencing was employed to perform a detailed analysis of the bacterial flora. The mean number of sequence
reads was 53,265 (5,017-65,334) among all the samples. Alpha and beta diversity analyses were conducted using
QIIME2. Regarding alpha diversity, the Chaol index was utilized to assess the richness and diversity of bacterial
communities in bile samples across the three groups. No statistically significant differences in the Chaol values
were observed among the groups (Fig. 1). Similarly, the Shannon and Simpson indices showed no significant
variation, indicating comparable microbial abundance across the groups.

Variables CDL, mean +SD (n=40) | CCA, mean +SD (n=17) | PDAC, mean +SD (n=15)
Age; years 77.1+9.4 77.5+9.5 77.7£9.3

Sex, male; n (%) 25 (62.5) 11 (64.7) 5(33.3)

Total bilirubin; mg/dl 54 +5.0 5.6 £5.1 5.5+5.1

Aspartate aminotransferase (AST), IU/L 227.1 £285.3 221.2 £276.5 220.2 £277.0

Alanine aminotransferase (ALT), IU/L 236.8 £233.5 229.5 £226.5 226.8 £228

Alkaline phosphatase (ALP), U/L 505.8 +£564.6 533.1 £568.6 533.8+571.1

y-Glutamyl trans peptidase (y-GTP), IU/L | 568.5 +558.5 601.0 +£586.3 593.6 +570.7

C-reactive protein (CRP), mg/dl 8.35+7.5 7.92+7.5 7.9+7.0

White blood cells (WBCs) x10%/ul 117.5 £74.7 110.3£73.9 107.5 £63.9

Table 1. Demographic and clinical characteristics of the study group. Notes: No statistical difference by the
Kruskal-Wallis test.
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Fig. 1. Analysis of 16 S rRNA gene amplicon sequence diversity in bile samples. The Chaol index was used
to assess the impact and diversity of bacterial flora in bile samples from the CCA, CDL, and PDAC group
patients.
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Fig. 2. Beta shift according to the BrayCurtis test. (a) Green dots indicate the control CDL group, and red dots
indicate the CCA group. (b) Green dots indicate the CDL group, and blue dots indicate the PDAC group. Beta
diversity represents the degree of difference in diversity between two samples.

Beta diversity was examined using principal coordinate analysis (PCoA) to evaluate differences in microbial
community composition between groups. Bray-Curtis analysis revealed significant clustering differences between
the CCA and CDL groups (distance:0.90, p < 0.01) and between the PDAC and CDL groups (distance:0.90, p <
0.05), indicating distinct microbial profiles (Fig. 2). While no statistically significant differences were observed
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between the CCA and PDAC groups, there was a trend toward differentiation (distance:0.96, p = 0.072). Similar
findings were obtained via Jaccard distance metrics.

Analysis of microbial community structures

We analyzed the bacterial composition in the bile samples at the class and order levels across the groups (Fig. 3).
At the class level, Gammaproteobacteria and Bacilli were predominant in all groups, collectively accounting for
more than 60% of the microbial composition. At the order level, most Gammaproteobacteria were classified as
Enterobacteriales, while the majority of Bacilli were identified as Lactobacillales.

Comparative analysis of the bacterial flora revealed significant group-specific differences. Compared with
the CDL group, the CCA group presented a lower abundance of Clostridia and a greater abundance of Bacilli
(P< 0.05). Compared with those in the CDL group, Gammaproteobacteria and Clostridia were less abundant
in the PDAC group, whereas Alphaproteobacteria were more abundant (P< 0.05). No statistically significant
differences were observed at the class level between the CCA and PDAC groups.

At the order level, the CCA group presented reduced levels of Clostridiales and increased levels of Bacillales
and Fusobacteriales compared with the CDL group (P< 0.05). In contrast, the PDAC group had lower levels
of Clostridiales and higher levels of Caulobacterales and Bacteroidales than did the CDL group (P< 0.05).
Additionally, the CCA group presented a lower abundance of Caulobacterales than did the PDAC group (P<
0.05).

Linear discriminant analysis of the Microbiome

Given the observed variations in microbial proportions across taxonomic levels, linear discriminant analysis
(LDA) was performed using the linear discriminant analysis effect size (LEfSe) approach, which can determine
the taxonomic units most likely to explain differences between groups by coupling standards tests for statistical
significance with additional tests encoding biological consistency and effect relevance. The LDA scores,
represented on a logarithmic scale along the horizontal axis, indicate the magnitude of differences in the relative
abundance of microbial features between groups (LDA score > 3.5, P< 0.05).

First, LDA was conducted for the CCA and CDL groups (Fig. 4). The analysis revealed that Streptococcus,
Sphingomonas, and Bacillus had higher LDA scores in the CCA group than in the CDL group at the genus level,
whereas Clostridium had a lower LDA score in the CCA group compared to the CDL group.

Next, we compared the LDA scores of the PDAC and CDL groups (Fig. 5). In the PDAC group,
Alphaproteobacteria displayed a higher LDA score at the class level, and Neisseria, Sphingomonas, and Caulobacter
had higher LDA scores at the genus level compared to the CDL group. Conversely, Gammaproteobacteria
presented a relatively low LDA score at the class level, and Klebsiella, Escherichia, and Clostridium presented
relatively low LDA scores at the genus level.

Finally, LDA was performed to compare the PDAC and CCA groups (Fig. 6). In the PDAC group, Caulobacter
had a higher LDA score than in the CCA group, whereas Campylobacter had a higher LDA score in the CCA
group than in the PDAC group.
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Fig. 3. Bacterial classes identified in bile samples from the CDL, CCA and PDAC groups. (a) Level and order
(b) level classification. Each bar indicates the percentage contribution of the class-level and order-level profiles.
Gates and classes represented in different colors are indicated at the bottom of the figure.
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Fig. 4. (a) LefSe comparison of bacterial classification between the CCA and CDL groups. Histograms of
LDA scores for the significantly more abundant bacterial groups are shown, with the CCA group in red and
the CDL in green. Each analysis was performed at the genus level, but when the genus was not determined,
the next hierarchy was used. (b) Relative abundance of Streptococcus in each sample. (c) Relative abundance of
Clostridiales in each sample.

k__Bacteria.p__Proteobacteria.c__ Alphaproteobacteria
N rorac B COL [ ) 1 =

-5.54 —4.44 -3.34 -2.24 -1.14 -0.04 1.06 2.16 3.26 436 54

¢__Gamaprote|

bbacteria
g__Klebsiella
g__Escherichia
f_Clost
__Clpstridium

idiaceae

f_Rumigococcacepe
g__Neisgeria
g__Sphirjgomonas

dbi

o__Sphirlg

f_Spt eae
o__Cauldbacteraled
{__Caulopacteracepe
g__Cauldbacter

LDA SCORE (log 10)

Fig. 5. (a) LefSe comparison of bacterial classification between the PDAC and CDL groups. Histograms of
LDA scores for the significantly more abundant bacterial groups are shown, with the PDAC group in red and
the CDL in green. Each analysis was performed at the genus level, but when the genus was not determined, the
next hierarchy was used. (b) Relative abundance of Alphaproteobacteria in each sample. (c) Relative abundance
of Clostridium in each sample.

Analysis of the fungal mycobiome

To further investigate microbial dynamics, we analyzed the composition of the fungal mycobiome across groups.
Fungal DNA was detected in 33 of the 72 patients (45.8%), with the following distributions: 45% in the CDL
group, 41.1% in the CCA group, and 53.3% in the PDAC group. For cases in which fungi were detected, the
fungal compositions were analyzed. Figure 7a presents a stacked bar chart of fungal abundance at the class level,
showing no statistically significant differences between the groups. Agaricomycetes emerged as the predominant
fungal class across all the groups. Notably, the CCA and PDAC groups presented a trend toward lower
proportions of Agaricomycetes and higher proportions of Saccharomycetes than did the CDL group. Additionally,
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Fig. 6. (a) LefSe comparison of bacterial classification between the CCA and PDAC groups. Histograms of
LDA scores for the significantly more abundant bacterial groups are shown, with the CCA group in red and the
PDAC group in green. Each analysis was performed at the genus level, but when the genus was not determined,
the next hierarchy was used. (b) Relative abundance of Caulobacterales in each sample. (c) Relative abundance
of Campylobacter in each sample.

i it other
other 90%
» c_Sordariomycetes 80% ¥ c_Bacteroidia
- -
c_Exobasidiomycetes 70% w ¢_Fusobacteria
® c_unidentified 60%
® c_Malasseziomycetes 50% ® c_Betaproteobacteria
= c_Eurotiomycetes 40% ™ c_Actinobacteria
» c_Dothideomycetes 30%
- I ® ® ¢_Alphaproteobacteria
W c_Saccharomycetes 20%
u c_Agaricomycetes 10% w ¢_Clostridia
0%
CDL CCA PDAC

fungi (+) fungi (—)

cancer

Fig. 7. Classes of fungi identified in bile samples from the CDL, CCA and PDAC groups. (a) Classification
of levels. Each bar shows the percentage contribution of the gate-level and class-level profiles. The classes
represented by different colors are indicated at the bottom of the figure. (b) The bacterial composition in the
presence or absence of fungi in cancer cases is also shown.

Malasseziomycetes accounted for approximately 10% of the fungal composition in the CCA group, with the
majority identified as Malassezia species.

Given these characteristic fungal variations, we explored the bacterial compositions in patients with and
without detected fungi to assess potential symbiotic relationships between fungi and bacteria in cancer patients
(Fig. 7b). However, no significant associations were detected between the presence or absence of fungi and the
bacterial flora composition. Furthermore, we analyzed the correlations between bacterial and fungal species at
various taxonomic levels; however, no significant results were obtained.

Predictive metagenomic analysis using PICRUSt2

To elucidate the functional gene profiles of the intestinal microbiota, we performed predictive metagenomic
analysis using PICRUSt2. The EC database was utilized for functional annotation. Comparative analysis
revealed 38 enzymes with significant differences (P < 0.05) in expression between the CCA and CDL groups, 48
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Fig. 8. Schematic of the KEGG pathway, with fold change (FC) calculated for the CCA and PDAC groups,
respectively, on the basis of the amount of enzyme in the CDL group. Light blue represents a slightly
significant difference in the CCA group, blue represents a highly significant difference in the CCA group, and
red represents a highly significant difference in the PDAC group, with larger circles indicating greater gene
numbers.

differentially expressed enzymes between the PDAC and CDL groups (P< 0.05), and 14 differentially expressed
enzymes between the PDAC and CCA groups (P< 0.05).

In the PDAC group, several enzymes, including those related to fucose metabolism, L-arginine pathways,
cobalamin biosynthesis, gallate metabolism, and pyruvate fermentation, were notably less abundant than those in
the CDL and CCA groups. Conversely, in comparisons between the PDAC and CCA groups, enzymes associated
with hexuronide and glucuronide metabolism were expressed at significantly higher levels (Supplementary
Figures S1, S2, S3).

Owing to the substantial number of enzyme-level changes detected, we mapped these expression variations
to KEGG pathways and conducted pathway analysis. Relative pathway expression was compared across groups,
as illustrated in Fig. 8. Compared with the CDL group, the PDAC group presented pronounced alterations in the
activation of specific pathways, with fold changes observed in peptidoglycan biosynthesis (1.28), sphingolipid
metabolism (3.06), N-glycan biosynthesis (4.29), fatty acid metabolism (1.54), and secondary bile acid
biosynthesis (1.30). In contrast, the CCA group presented more modest pathway activation changes than did the
PDAC group, with fold changes observed in peptidoglycan biosynthesis (1.24), sphingolipid metabolism (0.67),
N-glycan biosynthesis (1.29), fatty acid metabolism (1.21), and secondary bile acid biosynthesis (1.21).

Discussion

In the present study, we detected substantial amounts of bacterial DNA in bile samples from all patients, including
patients who exhibited minimal signs of inflammation. This finding suggests the possibility of a consistent
microbial community within the biliary tract. In support of this hypothesis, previous research utilizing 16 S
rRNA sequencing identified a rich bacterial flora in the bile of healthy individuals and patients with gallbladder
polyps?22628,

To further investigate this phenomenon, we compared the biliary microbiota among the DHL, CCA, and
PDAC groups. Although no significant differences in alpha diversity were detected across these groups, beta
diversity analysis revealed distinct bacterial community structures between the DHL and malignant groups,
indicating disease-associated shifts in microbial colonization patterns. In terms of bacterial composition,
Proteobacteria and Firmicutes were the predominant phyla across all bile samples, accounting for a majority of the
detected bacteria. At the order level, Enterobacteriales and Lactobacillaleswere particularly abundant, similar to
findings in prior studies?*~!. Frequently reported genera in bile include Enterococcus, Streptococcus, Bacteroides,
Klebsiella, Clostridium, Fusobacterium, and Pyramidobacter, with Proteobacteriaconsistently identified as the
dominant phylum, aligning with our results®.
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Focusing on disease-specific differences, our analysis revealed a greater prevalence of Bacilli and a lower
abundance of Clostridia in CCA bile samples than in CDL bile samples. Multiple studies have presented the
biliary microbiomes in patients with extrahepatic cholangiocarcinoma, revealing elevated abundances of
genera such as Bacteroides, Geobacillus, Meiothermus, and Anoxybacilluscompared with those in patients with
choledocholithiasis®*?%3233, Additionally, prior research has highlighted reductions in Firmicutes abundance
and increases in that of Bacteroidesin the biliary microbiota of CCA patients relative to controls?. Interestingly,
in our study, the relative abundance of Bacteroides remained consistently low across all groups, suggesting
potential variations driven by patient demographics, disease states, or methodological differences.

Our analysis revealed a greater prevalence of Bacilli and a lower abundance of Clostridia in the PDAC
group than in both the CDL and CCA groups. Furthermore, the PDAC group presented a significantly greater
presence of Alphaproteobacteria than did the PDAC and CCA groups. While studies focusing on the biliary
microbiota of PDAC patients are limited, some prior investigations have provided valuable insight. For example,
Li et al.. identified Pseudomonas, Chloroplast, and Acinetobacteras potential PDAC-associated taxa in bile
samples®?. Similarly, using gene sequencing, Maekawa et al.. revealed Enterobacter and Enterococcus (members
of Lactobacillales) as predominant microorganisms in bile from PDAC patients, indicating findings that align
closely with our results®.

To further investigate these microbial differences, we conducted LEfSe analysis. Compared with the CDL
group, the CCA group presented significantly greater LDA values for Bacilli at the class level and Streptococcus
at the genus level, whereas at the class level Clostridiapresented lower LDA scores in the CCA patients.
Previous studies examining the biliary microbiota in CCA patients have identified a wide range of dominant
bacterial genera, but no consistent conclusions have been reached®*-333. Saab et al.. reported that Enterococcus,
Streptococcus, Bacteroides, Klebsiella, and Pyramidobacterwere the most abundant genera in the biliary microbiota
of CCA patients®®. Additionally, Song et al.. demonstrated that the biliary microbial composition in gallbladder
cancer (GBC) and CCC patients differed markedly, suggesting that species such as Peptostreptococcus stomatis
and Enterococcus faeciummay play a role in GBC progression®. These findings, combined with our results,
highlight the potential importance of the Bacilli class in the progression of biliary and pancreatic carcinomas. The
variations in microbial communities between disease states suggest that specific bacterial taxa may contribute to
the pathogenesis and progression of these malignancies.

Conversely, the PDAC group had significantly higher LDA scores for Alphaproteobacteria at the class
level and Caulobacter at the genus level, whereas they had lower LDA scores for Gammaproteobacteria at the
class level and Klebsiella and Escherichia at the genus level. A previous study of 187 pancreatic cancer (PC)
patients demonstrated increased abundance of Proteobacteria in PC samples, with an increased abundance of
Gammaproteobacteriaspecifically observed in PDAC tissues compared with those of the CDL group®. This
subset of Proteobacteriahas been suggested to increase gemcitabine metabolism, potentially contributing to
chemotherapeutic resistance!®. Furthermore, the abundance of Proteobacteriahas been shown to be greater in
PDAC patients than in those with other cancers, including those with breast cancer, glioblastoma, lung cancer,
colorectal cancer and melanoma®®. These findings highlight a potential role for Proteobacteria in carcinogenesis
and prognosis via their influence as intratumoral microbes. Our study also revealed significant shifts in the
proportions of Proteobacteria in the bile of PDAC patients, suggesting that these bacteria may influence the
processes of carcinogenesis, disease progression and prognosis through modulation of the intratumoral
microbiome. These findings highlight the need for further investigation into the interplay between the biliary
microbiota and intratumoral bacterial populations.

In the comparison between PDCA and CCA patients, Caulobacter was more prevalent in PDCA patients,
whereas Campylobacter showed particularly high LDA scores in CCA patients. Caulobacterhas previously been
reported to be significantly associated with gallbladder cancer®. Additionally, Campylobacter jejuniis known to
produce cytolethal distending toxin (CDT), with some studies suggesting an association with gastrointestinal
cancers?®l. Although the mechanism underlying the observed differences in these bacterial populations within
CCA and PDCA patient bile remains unclear, this finding presents an intriguing area for further investigation.

Conversely, research regarding fungal communities in bile remains rare. Recent studies have characterized
fungi in patients with various cancers, with associations between the presence of Candida, Saccharomyces,
and Malasseziaand specific cancers. These findings indicate that fungi may affect host immunity and cancer
progression, highlighting the role of the mycobiome in cancer biology!'”!%. In particular, Malasseziaabundance
has shown notable increases in both murine models and human pancreatic cancer patients, and antifungal drugs
have been shown to protect against tumor progression in a mouse model of PDCA'. Additionally, solitary
biliary candidiasis is a common comorbidity in patients with malignant biliary obstruction and is associated with
poor prognosis in patients with advanced cholangiocarcinoma®?. Our study revealed that fungi were present in
approximately half of the samples, with no difference among the groups; however, Saccharomycetes tended to
be more common in CCC and PDCA patients than in those with AC, and Malasseziomycetes was detected in
CCC patients. Saccharomyceteshas been implicated in the progression of various cancers!”. Notably, GFP-labeled
Saccharomyces cerevisiaeadministered orally to mice migrated to the pancreas within 30 min, suggesting that the
gut mycobiome may directly affect the pancreatic microenvironment'. Clinically, fungal and bacterial species
have been shown to interact with and potentially modulate pathophysiological states**. However, in our study,
no significant changes in the bacterial microbiota were observed in the presence or absence of fungi. This area
warrants further investigation to better understand the implications of fungal-bacterial dynamics for disease
modification.

Finally, we performed metabolic function prediction of the microbiota using PICRUSt2 to clarify the
functional enzyme spectrum in each group. We revealed the differential expression of several genes related
to carcinomas, such as those involved in pyruvate fermentation!!, gallate®, fucoses?, and glucuronide?’,
in each group. These results support the idea that biliary microbial dysbiosis is responsible for pathological
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conditions. To clarify the metabolic pathways associated with the predicted enriched genes, we subsequently
conducted KEGG pathway analysis. This revealed an enrichment of genes associated with bile acid- and glycan-
related pathways in the bile of pancreatic cancer patients. Bile acids are known to directly activate signaling
pathways involved in carcinogenesis, such as the FXR pathway, and have significant associations with cancer
initiation and progression through direct mechanisms*®. In fact, previous studies have documented associations
between bile acid levels and pathological states in both pancreatic and biliary tract cancers**->!. Additionally,
N-glycans are significantly altered in cancerous tissue types, and glycan moieties have been shown to participate
in essential oncogenic processes, including cell signaling, proliferation, cell death, invasion, angiogenesis, and
metastasis®>*. Such differences in KEGG pathways are thought to potentially influence the processes underlying
disease pathogenesis.

This study has several limitations. First, owing to ethical and technical concerns, we could not examine the
characteristics of the biliary microbiomes of healthy individuals. To circumvent contamination of the intestinal
environment during ERCP collection, we could not rule out the presence of duodenal-derived bacteria in the
collection fluid. In addition, since we did not stratify the patients according to the degree of inflammation, we
could not exclude the influence of the underlying conditions. Furthermore, we were unable to verify whether
the bile duct lumen bacteria were similar to those adhered to tumor tissue. Finally, we were unable to determine
whether the biliary microbiota is a cause or a consequence of carcinogenesis. Future research exploring the
relationships between bacteria in bile and those within tumors will be critically important.

In conclusion, increasing evidence suggests that microorganisms may influence the incidence, onset, and
progression of diseases such as CCA and PDAC. However, the specific underlying pathogenesis, persistent
inflammation, regulation of the immune-microbe-tumor axis, metabolic impact, and alterations in the tumor
microenvironment and intratumor microbiome remain insufficiently understood, highlighting the need
for a closer examination of the role of the biliary microbiome. Further research into the biliary and tumor
microbiomes is increasingly essential to elucidate these complex interactions and establish preventive and
therapeutic strategies for CCA and PDAC patients.

Methods

Human subjects

We focused on the associations between bacteria and fungi in bile and pancreatic cancer tissues and examined
the differences in bacterial and fungal flora in the bile of cholangitis, cholangiocarcinoma, and pancreatic
carcinoma patients. There were 17 cholangiocarcinoma (CCA) patients, 15 pancreatic carcinoma (PDAC)
patients, and 72 controls (40 of which has choledocholithiasis [CDL]), who underwent endoscopic retrograde
cholangiopancreatography (ERCP) for obstructive jaundice at the Mie Prefectural General Medical Center,
Yokkaichi, Japan. This study was conducted according to the guidelines of the Helsinki Declaration and approved
by the Ethics Committee of the Mie Prefectural General Medical Center, Yokkaichi, Japan. Informed consent was
obtained from all participants or their legal guardians.

DNA extraction and illumina library generation

Bile was obtained from patients with obstructive jaundice through endoscopic retrograde
cholangiopancreatography, which was performed by experienced doctors in a dedicated operating room.
Bile was collected using a new sterile catheter into a sterile bottle during the sampling process and stored at
—20 °C until analysis. DNA extraction from the samples was conducted via a MORA-EXTRACT Kit (Kyokuto
Pharmaceutical Industrial Co., Ltd., Japan) according to the manufacturer’s instructions.

Next-generation sequencing (NGS) analysis of the microbial community structures in the feces was performed
using a MiSeq (Illumina, San Diego, CA). PCR amplification was performed with the primers 1ST-341 F (5’- AC
ACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNN-CCTACGGGNGGCWGCAG-3") and 1ST-805R
(5'- GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-NNNNN-GACTACHVGGGTATCTAATCC-3),
followed by the primers 2ndF (5- AATGATACGGCGACCACCGAGATCTACAC-Index2-ACACTCTTTCCC
TACACGACGC-3’) and 2ndR (5’- CAAGCAGAAGACGGCATACGAGAT-Index1-GTGACTGGAGTTCAGA
CGTGTG-3’), which targeted the V3-V4 hypervariable region of the 16 S rRNA gene.

Quality filtering and amplicon sequencing analysis

Paired-end sequencing reads were merged via the fastq-join program using the default settings. Only combined
reads that had a quality value score of >20 for more than 99% of the sequences were extracted via the FASTX-
Toolkit. Chimeric sequences were deleted using USEARCH ver.6.1. The joined amplicon sequence reads were
processed through the QIIME 2 ver. 2020.6. A quality value score of <33 and chimeric sequences were filtered,
and the representative sequences were created using the DADA2 denoise-single plugin ver. 2017.6.0. The
taxonomy of representative sequences was assigned using the Greengenes database ver. 13.8 by training a naive
Bayes classifier via the q2-feature-classifier plugin.

Alpha and beta diversity analysis

Alpha diversity indices (Chaol, Shannon and Simpson indices) were calculated via the alpha rarefaction plugin.
The statistical significance of the Chaol, Shannon and Simpson indices among the groups was assessed using the
Kruskal-Wallis test via the alpha-group-significance plugin.

Beta diversity was analyzed using Jacaard and Bray-Curtis distances using a core-metric-phylogenetic plugin
(Qiime2). The Emperor tool was used to visualize the PCoA plots. The statistical significance of the similarity
of bacterial communities among groups was assessed with an ANOSIM test using the beta-group significance
plugin.
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Linear discriminant analysis (LDA)

Comparisons of the relative abundances of taxa between locations and sample types were assessed using the
linear discriminant analysis effect size (LEfSe). LEfSe uses a nonparametric Kruskal-Wallis rank-sum test to
identify taxa with significantly different normalized relative abundances and performs an LDA to determine
the effect size of each taxon. The taxa with an LDA result greater than 2 (with a p value <0.05) were considered
significant.

ITS sequencing

We analyzed the fungal microbiome by sequencing internal transcribed spacer 1 (ITS1). The ITSI regions
were amplified using the primers ITS1-F_KYO1 (5'- ACACTCTTTCCCTACACGACGCTCTTCCGATCT-
NNNNN-CTHGGTCATTTAGAGGAASTAA-3"), ITS2_KYO2 (5'- GTGACTGGAGTTCAGACGTGTGCTC
TTCCGATCT- NNNNN-TTYRCTRCGTTCTTCATC -3’), 2ndF (5- AATGATACGGCGACCACCGAGAT
CTACAC-Index2-ACACTCTTTCCCTACACGACGC-3’) and 2ndR (5- CAAGCAGAAGACGGCATACGA
GAT-Index1-GTGACTGGAGTTCAGACGTGTG-3’) and the dual index method. Libraries were paired-end
sequenced on a 2 x 300-bp platform using a MiSeq system together with the MiSeq Reagent Kit version 3. The
representative sequences were similarly created via the DADA2 denoise-single plugin. Taxonomy assignment
of the resulting representative sequences was compared with the UNITE (ver. 9.0) reference database using the
q2-feature-classifier plugin. We determined samples as negative for fungi in which no fungal DNA detection by
ITS Next Gen Seq.

Predictive functionality analysis

Predictive functionality analysis of the bacterial 16 S rDNA communities was performed using PICRUSt2 (ver.
2.4.1). The representative sequences analyzed by QIIME2 and the reference sequence of the Integrated Microbial
Genomes database (IMG) were aligned using HMMER ver. 3.3. The phylogenetic placement analyses were
performed via EPA-NG ver. 0.3.3 and GAPPA ver. 0.6.0. The 16 S RNA gene copies were normalized using the
caster package of R software. The gene families were predicted on the basis of the MetaCyc database. The data
were compared by two-sided Welch’s t-test. Analysis was performed using STAMP (ver. 2.1.3).

KEGG pathway analysis

The KEGG orthologs predicted using PICRUSt2 were assigned to each pathway using the KEGG API. KEGG
pathway analysis revealed related differentially expressed genes®*%. The advanced bubble chart shows the
enrichment of differentially expressed genes in signaling pathways. The vertical axis label represents the pathway,
and the horizontal axis label represents the fold changes compared with the CDL group.The size and color of
the bubble represent the number of DEGs enriched in the pathway and enrichment significance, respectively.

Statistical analysis
The means (standard deviations [SDs]) and medians (interquartile ranges [IQRs]) were used to describe
normally and nonnormally distributed data, respectively. The numbers and percentages were calculated for
categorical variables. The data were analyzed using the Kruskal-Wallis test or Mann-Whitney test (two-sided)
for continuous variables and Fisher’s exact test for categorical variables using StatView-]J 5.0. P values < 0.05 were
considered significant.

Data availability
The datasets generated and/or analyzed during the current study are available in the DDBJ Sequence Read Ar-
chive [https://www.ddbj.nig.ac.jp/index-e.html] under the accession numbers DRA016978 and DRA017081.
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