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A B S T R A C T

Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver disease characterized by bile duct inflamma
tion, fibrosis, bile acid (BA) metabolism disorders and gut microbiota dysbiosis. At present, the aetiology and 
pathogenesis of PSC are not clear, and there is no specific or effective treatment available. Therefore, new 
research perspectives are needed to explore effective methods to treat PSC and improve symptoms. The intestinal 
microbiota of patients with PSC is known to be significantly different from that of healthy people. By comparing 
differentially abundant bacterial genera in PSC patients, it was found that the abundance of Prevotella copri (P. 
copri) was significantly decreased, suggesting that this species may have a protective effect against PSC disease. 
Therefore, comprehensively exploring the role and possible function of P. copri in the disease process is 
worthwhile. In this study, a PSC mouse model was established by feeding mice a customized diet supplemented 
with 0.1% (w/w) 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) for one week, and the abundance of P. copri 
was confirmed to be decreased in this model. Previous studies in patients and animal models have demonstrated 
that gut microbiota intervention is an acceptable treatment for some diseases. We found that intervention with P. 
copri could significantly improve cholestasis and liver fibrosis by enhancing the FXR-related signalling pathway 
in PSC mice. Together, through the overall effect of P. copri on intestinal microbiota structure and its association 
with BAs, we speculate that P. copri intervention might be as potential biological treatment of PSC.   

1. Introduction

Primary sclerosing cholangitis (PSC) is a chronic cholestatic liver
disease characterized by biliary tract inflammation, fibrosis, and intra
hepatic and/or extrahepatic bile duct destruction, leading to cholestasis, 
bile duct stenosis, and hepatic fibrosis [1–4]. Epidemiological investi
gation has shown that PSC occurs mostly in middle-aged men and is 
closely associated with inflammatory bowel disease (IBD) [5–10]. 
Therefore, intestinal microbiota disturbance may have a potential cor
relation with PSC, and intestinal microbiota plays an important role in 
various metabolic processes of the body. A previous study demonstrated 
that PSC patients have distinct gut microbial profiles compared to 
healthy humans [11–14]. The abundance of P. copri (P. copri) was found 
to be decreased in the intestinal tract of patients with PSC and PSC-IBD 
[12,14]. P. copri is the most common form of human gut bacteria in the 

genus Prevotellaceae, which is linked to diet and disease [15–18]. It has 
been reported that P. copri, as a genus of symbiotic bacteria, can produce 
short-chain fatty acids, which can improve the immune tolerance of a 
foetus, suggesting an important role of P. copri carried by mothers in 
foetal immune defence [19]. In addition, it has been shown that P. copri 
improves glucose homeostasis in Goto-Kakizaki rats with gastrointes
tinal resection by enhancing the bile acid (BA) metabolism signal [20]. 
This suggests that P. copri may be related to cholestasis and potentially 
beneficial to disease progression in PSC, but the mechanism remains 
unclear. 

Bile acids (BAs), important components of bile, are synthesized from 
cholesterol in hepatocytes, and their synthesis is catalysed by cholesterol 
7α-hydroxylase (Cyp7a1), microsomal sterol 12α-hydroxylase (Cyp8b1) 
and cholesterol 27-hydroxylase (Cyp27a1) [21]. A portion of primary 
BAs are amidated by glycine or taurine to form conjugated BAs before 
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being excreted into the bile and into the duodenum [22,23]. In the in
testine, the gut microbiome could participate in the transformation of 
conjugated BAs to unconjugated BAs through multiple hydrolases and 
regulate the expression of rate-limiting enzymes in the BA synthesis 
pathway [24,25]. Farnesoid X receptor (FXR also known as Nr1h4) as 
one kind of BA-activated nuclear receptors is present in both the liver 
and the small intestine (SI) to regulate the BA homeostasis, include 
hepatic BA synthesis, intestinal BA absorption, and hepatic BA uptake 
[22]. Various BA transporters in the enterohepatic circulation are 
responsible for the entry and exit of these conjugated BAs, such as Na+- 
taurocholate cotransporting polypeptide (Ntcp), bile-salt export pump 
(Bsep) and apical Na+-dependent bile-salt transporter (Asbt) [26–29]. In 
addition, the interaction between intestinal microbiota and BAs is not 
unidirectional but in an active state of communication, and the present 
study suggests that the association between targeted BAs and intestinal 
microbiota may provide a surprising new perspective for treatment of 
cholestatic liver disease. 

In this study, a PSC mouse model was established by chemical in
duction with 3,5-diethoxycarbonyl-1,4-dihydropyridine (DDC) [30–35]. 
After confirming that the abundance of P. copri was significantly reduced 
in the mouse model, reverse supplementation of P. copri was performed, 
which significantly improved cholestasis in enterohepatic circulation by 
enhancing the FXR signalling pathway and reducing liver fibrosis in the 
DDC-induced PSC mice. Thus, P. copri was found to have potential 
application prospects in the treatment of PSC disease, which provides a 
basis for further research on the treatment of chronic cholestasis diseases 
with microorganisms. 

2. Materials and methods 

2.1. P. copri media, culture condition and quantification 

P. copri (DSM18205) and blood agar medium were purchased from 
Mingzhou Biotechnology Co., LTD. The bacteria were incubated in an 
anaerobic culture tank (volume: 2.5 L, Mitsubishi, Tokyo, Japan) 
equipped with an anaerobic gas bag to provide an anaerobic environ
ment. Bacterial DNA was extracted using the TIANamp Bacteria DNA Kit 
(Tiangen Biotechnology Co., LTD.). qPCR was carried out on Quant
Studio® 5 Real-Time System (Applied Biosystems), and the cycling 
conditions were as follows: 95 ◦C for 5 min, 40 cycles at 95 ◦C for 10 s, 
56 ◦C for 20 s, and 72 ◦C for 30 s. 

2.2. Animal experiments 

7-Week-old male C57BL/J mice were purchased from GemPharma
tech Co., LTD., housed with a 12-h light/dark cycle, with no restrictions 
on their food or water under conditions of controlled humidity 
(50% ± 5%) and temperature (22 ± 2 ◦C). All the experimental pro
grams for mice have been approved by the Nanjing Medical University 
Institutional Animal Care and Use Committee (Approval No. IACUC- 
2005013). A total of 36 mice were randomly divided into 6 groups 
with 6 mice in each group for experimental treatment, which were 
generally divided into two experimental schemes. Two groups were 
sacrificed to observe the disease effect after 1 week of DDC treatment, 
and the other four groups were given P. copri late intervention. Specific 
grouping and treatment are as follows: One was Control group and DDC 
group, with six mice in each group to construct PSC mouse model by 
feeding 0.1% (w/w) DDC (CAS: 632–93-9; Sigma-Aldrich Co., LTD.) 
supplemented diet (Synthesized by Jiangsu Xietong Pharmaceutical Bio- 
engineering Co., LTD.) for 1 week. Second, four groups, Control, P. copri, 
DDC and DDC + P. copri, with six mice in each group. Mice in Control 
and P. copri group were both fed normal diet all the time, then Control 
mice were given sterile phosphate buffer solution (1 × PBS; 0.01 M, 
pH 7.2–7.4) and P. copri group mice daily gavage 1 × 108 CFU P. copri 
after one week; Mice in DDC and DDC + P. copri group were fed a 
customized diet all the time for two weeks and fed 0.1% DDC diet for the 

previous week to construct the model. Then, both groups were given 
PBS/P. copri gavage for one week. P. copri was dissolved into bacterial 
suspension with sterile PBS. OD600nm value were used for concentration 
conversion based on previous study [36]. Weight was recorded daily 
from the first day of the experiment. Fresh faces were collected and all 
the mice were sacrificed after 12 h of starvation at the last day. The 
collected blood was placed overnight at 4 ◦C and centrifuged to collect 
serum. The liver and intestine were excised immediately and then 
divided, sections were fixed and sliced for further histological and 
immunohistochemical analysis, the rest was stored at − 80 ◦C until use. 

2.3. Magnetic resonance imaging (MRI) 

High-field MRI of mice was performed on a Biospec 70/20 USR in
strument (Bruker, BioSpin, Ettlingen, Germany). Mice were anesthetized 
with isoflurane during imaging (~2% in 67% air and 33% O2), and 
isoflurane levels were adjusted as needed to maintain a breathing rate of 
about 60 breaths/min. The rapid acquisition with relaxation enhance
ment sequence (RARE) was used to collect the photos, and the echo time 
(TE) = 33.0 ms and time of repetition (TR) = 3089.6 ms. 

2.4. Biochemical parameters analysis of serum 

Serum biochemical indexes including aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and 
total bilirubin (TBI) in serum were detected by automatic biochemical 
analyser (Hitachi 7100). 

2.5. Measurement of TBAs in serum and liver and intestine 

The levels of total BAs (TBAs) in serum, liver and SI were detected 
using TBAs kits (No. E003–2-1; Jiancheng Bioengineering Institute) 
according to the manufacturer’s protocol. 

2.6. Measurement of hydroxyproline in serum and liver 

Hydroxyproline in serum and liver of mice in each group was 
detected using hydroxyproline assay kit (No. A030–2-1; Jiancheng 
Bioengineering Institute) according to the manufacturer’s protocol. 

2.7. 16S rRNA sequencing 

Microbial DNA from faecal samples of mice (n = 6) was extracted for 
16S rRNA sequencing on an Illumina MiSeq platform (Illumina, San 
Diego, USA). The taxonomy of each 16S rRNA gene sequence was ana
lysed by RDP Classifier algorithm (http://rdp.cme.msu.edu/) against 
the Silva 138/16S rRNA database using confidence threshold of 70%. 
The data is stored and analysed on the I-Sanger Bio-cloud platform by 
Shanghai Majorbio Bio-pharm Technology Co. Ltd. The student’s t-test 
was used to obtain alpha diversity Sobs, Shannon and Ace indexes. 
Abund_jaccard test was performed to evaluate each grouping condition 
at OTU level in PCoA (principal coordinate analysis). Kruskal-Wallis 
rank sum test, FDR multiple test correction, and Tukey-Kramer post 
hoc test (giving a 95% confidence interval for the mean) were used to 
detect differences in the abundance of bacterial genera in the four 
treatment groups. A two-matrix correlation heat map was used to 
analyse the bacterial genus abundance data and BAs content data, and 
the correlation coefficient was Spearman. 

2.8. Targeted determination of BAs using LC/MS 

The types and contents of BAs in stool samples were analysed by 
liquid chromatography-mass spectrometry (LC-MS). A total of 46 BAs 
were available for analysis (Table S1). Various BAs in faecal samples 
were qualitatively and quantitatively detected by LC-ESI-MS/MS anal
ysis method. In the process, the mixed standard liquid was firstly 
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prepared, 46 kinds of standard substances were weighed, methanol was 
added at constant volume, and then the reserve liquid was obtained after 
eddy mixing. Add 50% methanol and dilute it to the working solution, 
then accurately weigh 50 mg sample and add 400 μL extract (methanol: 
water = 4:1), grind it for 6 min (− 10 ◦C, 50 Hz) in the frozen tissue 
grinding machine, ultrasonic for 30 min (5 ◦C, 40 kHz) in the low tem
perature ultrasonic machine, stand it for 30 min at − 20 ◦C, centrifuge for 
15 min (4 ◦C, 13000 g), take 200 μL supernatant and test it on the 
machine. 

2.9. Histopathology 

The liver and intestinal tissues were fixed with 4% paraformaldehyde 
for more than 24 h. Tissues from each mouse were then paraffin 
embedded, cut into 4 μm thick and stained with haematoxylin and eosin 
(H&E), Sirius red (SR) and immunohistochemical (IHC). IHC staining 
was used to analyse the extent of immune cell infiltration (F4/80 [37] 
and CD11b [38,39]), bile duct epithelial cell proliferation (CK19), and 
liver fibrosis (αSMA). According to standard procedures, the main 
experimental steps included fixing, paraffinizing, deparaffinizing, 
dehydrating, antigen retrieval, blocking endogenous peroxidase activ
ity, sealing, primary antibody incubation, washing, sealing, secondary 
antibody incubation, washing, chromogenic, nucleus counterstaining, 
dehydration and mounting, and observation. Pannoramic scanning 
(3DHISTECH, Hungary) was used to obtain representative images by 
blind scanning the stained slides. ImageJ software was used for all 
quantitative analyses. 

2.10. RNA extraction and quantitative real-time PCR 

Total RNA was extracted using the FastPure Cell/Tissue Total RNA 
Isolation Kit (Cat: RC101–01; Vazyme, Biotech) and reverse transcribed 
into cDNA using the HiScript II Q RT SuperMix (Cat: R223–01; Vazyme, 
Biotech). The concentration and purity of total RNA was detected using 
NanoDrop2000 spectrophotometer (NanoDrop Technologies; Thermo 
Fisher Scientific, Inc.). Then real-time PCR was used to quantitatively 
detect the corresponding gene expression. Enriched cDNA, forward 
primer, reverse primer (0.2 μM, respectively, see Table S2 of oligonu
cleotides sequences; synthesized by Genscript Biotech Corporation, 
Nanjing, China), Hieff® qPCR SYBR® Green Master Mix (5 μL, Cat: 
11202ES08, Yeasen Biotech Co., LTD.) were mixed up to 10 μL volume. 
The mixture was subject to qPCR on AB RT-PCR (Q5). RT-qPCR analysis 
was performed in triplicate. Gapdh was used as the internal control for 
the expression level of target genes, and the relative expression level was 
evaluated using 2− ΔΔCt method. 

2.11. Protein extraction and Western blot analysis 

Total proteins in liver and SI tissue samples were extracted using 
RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) with pro
tease inhibitor and homogenized using Tissue Lyser II (Dusseldorf, 
Germany). The protein concentrations in the supernatant fluid were 
then determined using Pierce BCA protein assay reagent (Beyotime 
Biotechnology, Shanghai, China). After boiling with 1× loading buffer, 
the proteins were separated by electrophoresis on 12% SDS-PAGE gels 
and subsequently transferred to polyvinylidene fluoride (PVDF) mem
branes (Millipore, Billerica, MA, USA). A solution, containing 3% BSA- 
TBST, was applied to block the membranes for 30 min at room tem
perature (25 ◦C). Then, the membrane was incubated overnight at 4 ◦C 
with the following primary antibodies: (a) rabbit anti-FGF15 (1:2000, 
Abcam, ab229630); (b) mouse anti-GAPDH (1:10000, Immunoway, 
YM3029). Afterwards, the membranes were incubated with secondary 
antibodies for 2 h at room temperature, then the bands were visualized 
with Chemiluminescent HRP Substrate (Millipore Corporation, Billerica, 
MA, USA). All experiments were repeated at least three times. The re
sults were normalized to the counterparts of GAPDH and analysed with 

ImageJ software (NIH, Bethesda, MD, USA). 

2.12. Statistical analysis 

Diagrams and data in this study were expressed as mean ± standard 
error of mean (SEM). For two-group comparison, unpaired two-tailed 
Student’s t-test was used. For comparison of the four treatment 
groups, one-way analysis of variance (ANOVA) followed by LSD multi
ple comparison test was used. Data were analysed using GraphPad Prism 
8 (GraphPad Software Inc., USA). Special and specific analysis was 
presented in the legend of each corresponding chart. p < 0.05 was 
considered statistically significant. 

3. Results 

3.1. The DDC diet induced a PSC model in mice and significantly 
decreased P. copri abundance 

Mice were fed a diet supplemented with 0.1% (w/w) DDC for one 
week, and their body weight was significantly reduced from the 3rd day 
compared with that of Control mice (Fig. 1A). MRI cholangiography and 
serum biochemical tests revealed that DDC diet-fed mice exhibited a 
beadlike obstruction in the intrahepatic bile ducts (Fig. 1B) and signif
icantly increased serum ALP, ALT, AST and TBI levels (Fig. 1C), sug
gesting that the DDC diet could induce symptoms and pathological 
changes in mice similar to those in sclerosing cholangitis, accompanied 
by serious damage to liver function. In addition, an increased serum 
level of the bile component TBI suggested the occurrence of cholestasis 
in the DDC group. Furthermore, the levels of TBAs in the serum and liver 
were upregulated, while the levels of TBAs in the small intestine (SI) 
were significantly deficient (Fig. 1D). This result indicated that severe 
cholestasis in the serum and liver was present in the DDC group and that 
the TBA pool in the SI was inadequate. Moreover, based on liver and 
colon (Fig. S1A) pathology, DDC-fed mice displayed evident inflam
matory cell aggregation (Fig. 1E). In order to observe the aggregation of 
inflammatory cells in liver tissue intuitively, we detected two cell 
markers of macrophages, F4/80 and CD11b, through immunohisto
chemistry, and the results showed that the number of peri-duct macro
phages and liver-specific macrophages in mice of the DDC group was 
significantly increased (Fig. 1E). In quantitative terms, the number of 
macrophages and Kupffer cells in the liver of mice in DDC group was 
nearly four and eight times that of the control group, respectively 
(Fig. 1G). On the other hand, based on IHC analysis, the bile duct 
epithelial marker CK19 was highly expressed in the livers of mice in the 
DDC group (Fig. 1F), and its expression was significantly increased by 
more than sevenfold compared with that in the control group (Fig. 1G), 
suggesting that DDC induced obvious ductal reactions and cholestasis. 
Additionally, DDC-fed mice developed sclerotic cholangitis and severe 
intrahepatic periductal fibrosis with characteristic onion-like fibrosis, as 
determined by SR staining and αSMA IHC (Fig. 1F). Analysis of IHC 
staining area showed that the positive expression of αSMA in the DDC 
group was approximately 17 times higher than that in the control group 
(Fig. 1G). Considering that an intestinal microbiota analysis of PSC pa
tients showed a significant reduction in P. copri compared with healthy 
people [11], we next tested the abundance of P. copri in the faeces of 
model mice using qPCR. The results showed that P. copri abundance was 
significantly inhibited in the intestines of mice in the DDC group, which 
was consistent with the report in patients with PSC (Fig. 1H). Taken 
together, these findings suggest that a diet supplemented with 0.1% (w/ 
w) DDC can induce a primary sclerosing cholangitis model in mice and 
significantly decrease the abundance of P. copri. 
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3.2. P. copri intervention had no effect on body weight or the 
inflammatory response in mice but improved liver function impairment and 
fibrosis 

The experimental design is shown in Fig. 2A. Before the animal 
experiment, P. copri was observed by Gram staining with oil microscope 
(Fig. S2A), and the PCR product was identified by agarose gel 

electrophoresis with specific primers (Fig. S2B). The results confirmed 
that P. copri was a Gram-negative bacterium. After gavage, the abun
dance of P. copri in the intestine was significantly increased compared 
with that in the control group, while P. copri intervention effectively 
offset the reduction caused by DDC to a level close to the content in the 
control group (Fig. 2B). Oral inoculation of P. copri failed to recover DDC 
diet-induced body weight loss in the DDC + P. copri group compared 

Fig. 1. PSC mouse model was successfully induced by 
feeding 0.1% (w/w) DDC to healthy mice for 1 week. (A) 
Daily body weight of mice in the control group (n = 6) 
and DDC group (n = 6). (B) Mice from the Control group 
and the DDC group for MRI biliary duct imaging, and two 
representative images were found for observation. Obvi
ously beaded biliary duct obstruction was observed in 
intrahepatic bile ducts, as indicated by the red arrow. (C) 
The serum ALP, ALT, AST and TBI concentrations of each 
mouse were detected using serum biochemical tests. (D) 
Determination of TBAs in the serum, liver and SI. Each 
sample was tested three times in parallel. (E) After H&E 
staining of liver sections, inflammatory cell aggregation 
and bile duct cholestasis (marked by a red arrow) were 
observed in the model group induced by DDC, and 
obvious positive areas (shown with a red arrow) were 
observed in the DDC group after IHC staining of F4/80, 
CD11b, (F) CK19 (cytokeratin 19) and αSMA (α smooth 
muscle actin). For the quantification of staining positive 
areas, 6 visual fields were randomly selected for each 
section, and area statistics were carried out by IHC tool of 
ImageJ software. Regional area analysis was performed in 
(G). (F) SR staining revealed characteristic onion-like 
fibrosis around the bile ducts. (H) Faecal samples of 
each group were divided into three parallel samples, and 
the abundance of Prevotella copri and the bacterial uni
versal primer was analysed by qPCR. Scale bar 100 μm; 
original magnification 20×; *p < 0.05, **p < 0.01, 
***p < 0.001, difference was analysed by unpaired two- 
tailed Student’s t-test.; n = 6.   
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Fig. 2. Mice in Control group and Prevotella copri group were fed normal diet for two weeks, and mice in DDC group and DDC + P. copri group were fed 0.1% (w/w) 
DDC added diet for two weeks. In the second week, mice in P. copri group and DDC + P. copri group were given 1 × 108 CFU P. copri orally. The other two groups were 
given equal volume of PBS orally. Changes in various sclerosing cholangitis phenotypes in mice after P. copri intervention. (A) Schematic diagram of treatment 
measures for four groups of mice. (B) Faecal samples of each group were divided into three parallel samples, and the abundance of P. copri in the intestines of the four 
groups of mice was measured by qPCR. Universal 16S Primers serves as a reference for expression. (C) The daily weight changes of mice in each group after four 
treatments. (D) Serum ALP, ALT and AST concentrations were measured by automatic biochemical analysis. (E) Serum hydroxyproline content of mice in four groups. 
(F) Pathological phenotype of livers observed after H&E and SR staining. Red arrows indicate inflammation, and black arrows indicate fibrotic phenotypes. (G) The 
transcripts of Tnfα, Mpeg1, Mcp-1, (H) Collagen 1a1 and Timp-1 in the liver. Each gene expression was measured three times in parallel. (I) Liver hydroxyproline levels 
of mice in each group. Values were determined for three parallel samples per group for each sample. Scale bar 100 μm; original magnification 20×; * indicates 
statistical differences in the P. copri group and DDC group compared with the Control group, and # indicates the statistical difference between the DDC + P. copri 
group and the DDC group; *p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001, difference was analysed by one-way analysis of variance 
(ANOVA) followed by LSD multiple comparison test; n = 6. 

B. Jiang et al.                                                                                                                                                                                                                                    



BBA - Molecular Basis of Disease 1868 (2022) 166320

6

with the DDC group, and separate administration of P. copri did not 
affect the body weight of mice compared to mouse weights in the control 
group (Fig. 2C). However, DDC + P. copri treatment significantly 
decreased the serum biochemical indexes of ALP, ALT and AST 
compared to those in the DDC group, but the indexes did not recover to 
the normal levels observed in the control group (Fig. 2D). This indicates 
that P. copri treatment in a DDC background can partially recover and 
reduce liver injury in a PSC model. Additionally, based on H&E and SR 
staining, accumulation of inflammatory cells around the bile ducts and 
onion-like fibrosis were obviously present in both the DDC group and 
DDC + P. copri group, suggesting that P. copri intervention after DDC 
treatment did not completely restore the liver inflammation and fibrosis 
induced by DDC (Fig. 2E). The mRNA expression levels of the inflam
matory factors Tnfα, Mpeg1 and Mcp-1 in liver tissue were further 
detected by qPCR (Fig. 2F). Consistent with the pathological results, the 
levels of inflammatory cytokines in the P. copri group were approxi
mately the same as those in the control group, while the expression 
levels of Tnfα, Mpeg1 and Mcp-1 in the DDC group and the DDC + P. copri 
group were increased, indicating that P. copri intervention did not 

improve inflammation. However, the expression of the fibrosis indicator 
factors Collagen 1a1 and Timp-1 in liver tissue were significantly reduced 
in the liver tissue of model mice after DDC intervention with P. copri 
(Fig. 2G), indicating that P. copri treatment can improve the liver fibrosis 
progression caused by DDC. In addition, since hydroxyproline is a spe
cific amino acid in collagen and is used as a marker for evaluating 
fibrosis in vivo [40–42], we measured its levels in serum and liver of four 
groups of mice (Fig. 2E and I). The results showed that the concentration 
of hydroxyproline increased after DDC treatment, but decreased signif
icantly after the addition of P. copri. It was further indicated that P. copri 
had a significant improvement effect on fibrosis. 

3.3. Intervention with P. copri significantly improved cholestasis in 
enterohepatic circulation caused by the DDC diet and affected the 
composition of conjugated and unconjugated BAs 

After DDC treatment, the addition of P. copri reduced the level of TBI 
in the serum of mice, suggesting that P. copri treatment can improve DDC 
diet-induced cholestasis (Fig. 3A). The content of TBAs in enterohepatic 

Fig. 3. The changes of TBI, TBA and specific BAs in serum and tissues of mice in four groups were detected. In general, Prevotella copri intervention after DDC 
treatment significantly improved BA metabolism. (A) Serum TBI content of mice in four groups. (B) The concentrations of TBAs in serum and supernatant of liver and 
SI of mice in the four experimental groups. Values were determined for three parallel samples per group for each sample. (C) By classifying the structures of 46 BAs 
detected, they were divided into conjugated and unconjugated BAs. The conjugated BAs were all conjugated with glycine or taurine, and the rest were unconjugated 
BAs. Accordingly, the contents of these two BAs in the faeces of mice in four different treatment groups were analysed via targeted quantitative analysis of BAs. (D) 
The specific proportions of BAs among the two types of BAs are shown in the pie chart, and the top three BAs with varying degrees and proportions were screened out, 
as shown in (E) and (F). * indicates statistical differences in the P. copri group and DDC group compared with the control group, and # indicates the statistical 
difference between the DDC + P. copri group and the DDC group; *p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001; n = 6. 
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circulation was also balanced and improved in the DDC + P. copri group. 
This was demonstrated by the reduction of TBA levels in the liver to 
normal levels and restoration of the deficiency in TBA pools in the SI to 
the level in the control group (Fig. 3B). Meanwhile, the TBA levels in the 
liver, SI and serum in the P. copri group were not significantly different 
from those in the control group (Fig. 3B). Therefore, these data 
demonstrate that intervention with P. copri under a DDC background 
realized recovery of the TBA levels in the liver and SI, while the TBAs 
were still heavily deposited in the serum. To explore specific changes in 
the BA composition, forty-six targeted BAs were further assessed via 
quantitative analysis. A total of 46 BAs were detected, and all the un
classified BAs were analysed to observe the proportion and content of 
various BAs in each group of mice (Fig. S3A). Since intestinal microbiota 
plays a key role in the transformation of BAs, we further refined BAs into 
conjugated and unconjugated BAs. Compared with the control group 
and the DDC group, the content of both types of BAs tended to increase 
in the two P. copri intervention groups (Fig. 3C). The proportions of 
specific BAs among the two BA types in each group are presented in pie 
charts in Fig. 3D. By comparing the four treatment groups, T-β-MCA 
(57.61% ± 0.2067), TCDCA (13.50% ± 0.1285) and T-α-MCA 
(6.84% ± 0.05451) were found to be the top three conjugated BAs with 
the highest proportion and the widest range of variation among the four 
groups (Fig. 3E). In addition to these three types of conjugated BAs, 
quantitative analysis data can be seen in Fig. S3B. Although both T- 
β-MCA and T-α-MCA have been identified as natural FXR antagonists 
[43], our results showed that the T-β-MCA content was significantly 
increased only in the DDC + P. copri group, but T-α-MCA expression was 
increased after P. copri intervention compared with the level in the 
control group and recovered from the reduced level caused by DDC. In 
addition, TCDCA has been reported to bind to human TGR5, thereby 
regulating TGR5 activity [44]. The content of TCDCA in the P. copri 
group was increased compared with that in the DDC group, and after the 
addition of P. copri, the level of TCDCA in the DDC group was restored to 

the level observed in the control group. A similar screening was per
formed for unconjugated BAs, focusing on β-MCA (22.38% ± 0.06064), 
CA (3.41% ± 0.02588), and LCA (7.13% ± 0.01298) (Fig. 3F). Among 
them, CA and LCA are effective endogenous ligands of FXR [45,46]. In 
addition to these three, the remaining unconjugated BAs detected by 
quantitative analysis can be seen in Fig. S3C. Collectively, these results 
suggest that P. copri treatment may stimulate the receptors of BAs and 
activate the relevant signalling pathways to alleviate cholestasis induced 
by the DDC diet and affect the composition of conjugated and uncon
jugated BAs. 

3.4. FXR-related pathways were distinctly activated after P. copri 
inoculation to regulate BA synthesis and transport in enterohepatic 
circulation 

To further address how P. copri treatment improve DDC-induced 
cholestasis, qPCR was performed to detect the expression of seven spe
cific BA receptors in liver tissue (Fig. 4A). Both Fxr and Rorγ were 
significantly increased after P. copri administration in control and DDC 
mice. In addition, compared with the DDC group, Fxr, Lxrα, Rorα and 
Rorγ were increased in the P. copri group, while Fxr, Lxrβ, Tgr5 and Rorα 
were increased in the DDC + P. copri group. These data further suggest 
that P. copri intervention generally stimulated these BA receptors to 
synergistically maintain BA homeostasis in the liver. Obviously, Fxr was 
the only one receptor in liver tissues increased in P. copri group and 
distinctly inhibited in DDC group, indicating that the negative feedback 
regulation mechanism of FXR in BA production was alleviated, leading 
to the occurrence of DDC-induced cholestasis. As evidenced of signifi
cantly up-expressed nuclear receptor Shp, a target gene of Fxr that re
presses LRH-1 [45], in liver of mice in P. copri group but significantly 
inhibited in DDC group (Fig. 4C), lead to significantly elevated tran
scription of Cyp7a1 in the liver in DDC group (Fig. 4B). Consistent with 
our findings, DDC induced cholestasis by significantly increasing Cyp7a1 

Fig. 4. Expression and secretion of BA receptor and synthase in liver (A/B) and expression of FXR signalling pathway genes and BA transporter in liver and SI (C–H) 
of mice in four groups. Gapdh was used as the internal control. Gene expression results were measured three times in parallel for each group of mice and protein 
assays were measured three times in parallel for each group of three mice. (A) Comparison of the levels of seven BA receptors (Fxr, Pxr, Lxrα, Lxrβ, Tgr5, Rorα, Rorγ) in 
the liver of each group. (B) Levels of BA synthase in the BA synthesis pathway in the liver. Changes in the expression levels of various signalling molecules involved in 
the Fxr-Cyp7a1 negative feedback signalling pathway in the (C) liver and (D) SI. (E) Western blotting was used to determine the relative expression level of FGF15 
compared with GAPDH protein in liver (n = 3) and SI (n = 3). (F) Expression of Ntcp and Oatp4 in the liver. (G) Levels of genes in the BA transport system regulated by 
Fxr directly or indirectly through Pparα in the liver. (H) Changes in BA receptors and Fxr-regulated BA transporters in the SI after four treatments. (* indicates 
statistical differences in the Prevotella copri group and DDC group compared with the control group, and # indicates the statistical difference between the DDC + P. 
copri group and the DDC group; *p < 0.05, **p < 0.01, ***p < 0.001; #p < 0.05, ##p < 0.01, ###p < 0.001); n = 3–6. 
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(Fig. 4B). Meanwhile, Cyp27a1 was decreased after DDC induction, 
indicating that BA synthesis in the model group was mainly realized 
through the classical pathway. In addition, Cyp8b1 was decreased in all 
three groups except the control group, consistent with the results of 
targeted BA detection, further explaining why CDCA synthesis was more 
common than CA in the DDC + P. copri group (Fig. S3D). Above results 
indicate that P. copri can rescue DDC-induced cholestasis by reducing BA 
synthesis through the Fxr-Cyp7a1 pathway in the liver. However, the 
level of Shp in the DDC + P. copri group was consistent with that in the 
control group; thus, we speculated that P. copri intervention increased 
Fxr to activate Shp via negative feedback that inhibited the elevation of 
DDC-induced Cyp7a1 in the DDC + P. copri group. On the other hand, 
after DDC treatment, although Fxr in the SI showed no significant dif
ference compared with that in the control group (Fig. 4D), Fxr was 
significantly expressed in the DDC + P. copri group; thus, a large amount 
of Fgf15 was recruited and received through the circulatory system to 
bind Fgfr4 on the liver surface to negatively inhibit Cyp7a1 through Fgfr4 
(Fig. 4C and D). In addition, western blot was used to detect FGF15 
protein expression levels in liver and SI tissues of the four groups of mice 
as shown in Fig. 4E. The results showed that compared with DDC group, 
the expression of FGF15 protein in liver and SI of DDC + P. copri group 
was increased by 1.24 ± 0.13 and 26.88 ± 42.87 fold respectively. 
Therefore, above results further demonstrated that FXR signalling 
pathway was activated in DDC + P. copri group. However, from the 
perspective of regulation of the BA synthesis pathway, the Fxr-Cyp7a1 
signalling pathway in the liver did not recover to the same level as that 
in the control group after DDC plus P. copri intervention, which was 
inconsistent with the change in liver TBAs. 

The gene expression of BAs-related transporters in the liver (Fig. 4F 
and G) and SI (Fig. 4H) was detected via qPCR. First, the expression of 
uptake transporter for BAs Ntcp and Oatp4 were decreased in DDC mice. 
And DDC + P. copri treatment upregulated Oatp4 compared to that in the 
DDC group, indicating that activation of Fxr correspondingly increased 
Oatp4 expression in the DDC + P. copri group (Fig. 4F). In addition, Fxr 
simultaneously regulated Pparα, resulting in Ostα, Mrp2, Bsep, and Mrp3 
responses (Fig. 4G). These transporters work together to transfer BAs 
through the bile duct system to the SI. After BAs travel through the 
biliary tract system to the SI, Ostβ and Mrp2 were increased in the DDC 
group (Fig. 4H). This indicates that a large number of BAs in the SI of 
mice in the DDC group were transferred out and lost through systemic 
circulation, resulting in deficiency of the TBA pool in the SI. However, 
the expression of Asbt and Ibabp in the DDC + P. copri group was higher 
than that in the DDC group, which was probably caused by activation of 
intestinal Fxr (Fig. 4D). Meanwhile, the expression of Ostα and Ostβ 
increased in the SI (Fig. 4H). The expression levels of Ostα and Ostβ in 
the DDC + P. copri group were approximately twice as high as those in 
the control group, while the level of Ibabp was more than 300-fold as 
high as that in the control group. The increase in Ostα and Ostβ was much 
lower than the increase in Ibabp, which results in a large number of BAs 
being accepted by Asbt and binding with Ibabp and therefore remaining 
in the SI, thus playing a role in balancing the TBA pool in the SI. 

In summary, we reveal the mechanism by which P. copri improves 
and restored BA distribution and metabolism in enterohepatic circula
tion from two aspects. The first aspect is the overall mobilization of the 
Fxr-Cyp7a1 signalling pathway. When P. copri was applied to DDC mice, 
the response of Fxr in liver and SI was significantly enhanced. Fxr in the 
liver activates Shp, and together with Fgf15 receptor Fgfr4, which is 
stimulated by Fxr in the SI, promotes Cyp7a1 inhibition and reduces BA 
synthesis. Intrahepatic Fxr stimulation of Pparα, on the other hand, in
creases the expression of multiple BA excretion proteins, while intestinal 
Fxr aggregates more Ibabp to receive increased absorption of BAs with 
Asbt to compensate for intestinal BA deficiency. And ultimately balance 
the BA in the enterohepatic circulation. 

3.5. Changes in the faecal microbiome associated with P. copri 
intervention in mice in different treatment groups and correlation analyses 
between different bacterial genera and BAs 

The gut microbiota is known to play an important role in BA 
biotransformation in enterohepatic circulation. 16S rRNA sequencing to 
assess intestinal microbial diversity revealed that single-species bacte
rial intervention with P. copri may have a great impact on the overall 
intestinal microbiota (Fig. 5A). Species of intestinal microbiota in the 
DDC + P. copri group was significantly richer than in the control group 
and/or DDC group, which was reflected by a higher Sobs index and Ace 
index (Fig. 5A). Additionally, the Shannon index indicated that P. copri 
administration in the DDC + P. copri group increased the diversity of the 
gut microbiota in comparison with that in the DDC group, but not of the 
control group (Fig. 5A). Furthermore, the intestinal microbiota 
composition in the four treatment groups was indeed distinct, which was 
verified by PCoA and supervised PLS-DA analysis (Fig. 5B). In addition, a 
Venn chart showed the common and unique OTUs among each group, 
which provided a basis for our subsequent detection of different bacte
rial genera (Fig. 5B). As shown in the Venn diagram, there were 12, 19, 
11 and 20 characteristic OTUs in the control group, the P. copri group, 
the DDC group and the DDC + P. copri group, respectively, and a total of 
427 identical OTUs in the four groups. Therefore, P. copri administration 
increased the diversity and richness of the intestinal microbiota 
compared to the control group, and there were marked differences 
among the four groups in common and specific bacterial genera. In the 
analysis of differential microbiota, the top 15 bacterial genera in the 
abundance list for the four groups were prioritized (Fig. 5C), but the 
change trends were different; for example, the content of nor
ank_f__Muribaculaceae increased significantly after P. copri intervention 
but was inhibited after DDC treatment. There were also bacterial genera, 
such as Staphylococcus, that proliferated rapidly in the DDC group but 
were decreased in the DDC + P. copri group. Interestingly, Prevotellaceae 
were not found among the top 15. Therefore, we speculated that P. copri 
worked together with other bacteria to improve cholestasis in model 
mice by changing the microenvironment of the intestinal microbiota. As 
shown in Fig. 5D, the abundance of norank_f__Muribaculaceae, Lactoba
cillus, Turicibacter, Bifidobacterium, Clostridium_sensu_stricto_1, Odor
ibacter and Alistipes decreased in the DDC group but recovered in the 
DDC + P. copri group. Conversely, the abundance of Staphylococcus and 
Akkermansia increased significantly in the DDC group but decreased 
after P. copri intervention (Fig. 5E). The above two cases reflect the 
positive effect of P. copri treatment on the balance regulation of intes
tinal microbiota. As the intestinal microbiota plays an important role in 
the deconjugation process of BAs, we analysed the correlation between 
bacterial genera and BAs in the four groups, as shown in Fig. 5F. The 
contribution of different bacterial genera to the generation of BAs was 
mainly evaluated through the change in the OTU number of intestinal 
microbiotas in the different treatment groups, corresponding to the 
change in the concentration of the six BAs described in Fig. 3. The results 
showed that Prevotellaceae_UCG-001 and Turicibacter were positively 
related to the TCDCA (r = 0.53, p = 0.08; r = 0.53, p = 0.08, respec
tively), T-α-MCA (r = 0.56, p = 0.004; r = 0.64, p = 0.0008, respectively) 
and LCA (r = 0.59, p = 0.002; r = 0.63, p = 0.0009, respectively) level. T- 
α-MCA and LCA levels were positively correlated with norank_f__Mur
ibaculaceae (r = 0.62, p = 0.001; r = 0.68, p = 0.0002, respectively) and 
negatively correlated with Staphylococcus (r = − 0.76, p = 0.00001; 
r = − 0.72, p = 0.00008, respectively). Odoribacter was positively corre
lated with five BAs (r = 0. 56, p = 0.004; r = 0.43, p = 0.04; r = 0.58, 
p = 0.003; r = 0.7, p = 0.0001; r = 0.44, p = 0.03) but not T-α-MCA 
(r = 0.37, p = 0.07). Clostridium_sensu_stricto_1 was positively correlated 
with four BAs (r = 0. 60, p = 0.002; r = 0.50, p = 0.01; r = 0.52, p = 0.01; 
r = 0.43, p = 0.04) but not T-β-MCA (r = 0.38, p = 0.07) or β-MCA 
(r = 0.32, p = 0.1). Alistipes was positively correlated with T-β-MCA 
(r = 0.42, p = 0.04) and CA (r = 0.52, p = 0.01). Akkermansia was 
negatively correlated with T-α-MCA, β-MCA and LCA (r = − 0.57, 
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Fig. 5. Faecal samples from each mouse were collected 
for 16S rRNA sequencing analysis, and the data were 
stored and interactive analysed on the I-Sanger Bio-cloud 
platform by Shanghai Majorbio Bio-pharm Technology 
Co. Ltd. Finally, the platform’s two-matrix correlation 
heat map tool was used to analyse the correlation heat 
map between the difference quantity table of bacteria and 
the content data of targeted BAs detection. (A) Student’s t- 
test was used to obtain Sobs, Shannon and Ace indexes to 
analyse intestinal microbial diversity to reflect species 
diversity and richness. (B) PCoA evaluation showed 
microbiome variation in the four groups based on 
abund_jaccard at the OTU level. The classification and 
intestinal microbial composition of the four groups were 
analysed based on PLS-DA. The number of common and 
unique OTUs in multiple groups is presented in a Venn 
diagram. (C) Kruskal-Wallis rank sum test, FDR multiple 
test correction, and Tukey-Kramer post hoc test (giving a 
95% confidence interval for the mean) were used to detect 
the top 15 bacterial genera with differential abundances 
in the microbial community at the genus level in the four 
treatment groups. (D) Bacterial genera whose abundance 
decreased significantly after DDC treatment compared 
with that in the control group, but their composition 
recovered to some extent after Prevotella copri interven
tion. (E) Genera whose OTU number obviously increased 
after DDC induction compared with that in the control 
group but whose abundance was reduced to a certain 
extent after P. copri treatment. (F) Spearman correlation 
heatmap analysis was conducted between the bacterial 
genera screened out in D and E and the six selected BAs in 
Fig. 3E, F. *p < 0.05, **p < 0.01, ***p < 0.001; n = 6.   
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p = 0.003; r = − 0.45, p = 0.03; r = − 0.60, p = 0.002, respectively). 
However, Lactobacillus and Bifidobacterium induced no significant dif
ferences among the six BAs. Combined with the changes of the contents 
of various BAs (Fig. 3E and F), it can be concluded that P. copri inter
vention increased intestinal microbiota transform and synthesize BAs. 
Among them, there are three kinds of BAs regulated by most genera, 
namely TCDCA, T-MCA and LCA. As a result, the combined action of the 
overall intestinal microbiota showed an increase in the level of BA, 
which directly balanced the state of BA deficiency induced by DDC in the 
intestinal tract. 

4. Discussion 

This study explored the unknown pathologic mechanism of PSC by 
using 0.1% (w/w) DDC to construct obvious bile duct injury, liver 
injury, and cholestasis in mice. Many studies have proposed that the risk 
of PSC may be triggered by antigens of microbial origin, or damage 
caused by disturbances in the intestinal microbiota based on common 
complication in PSC-IBD patients [8,47,48]. A previous study demon
strated that the abundance of P. copri was inhibited in PSC patients and 
was negatively associated with PSC [11]. Another study confirmed that 
administration of P. copri could increase liver glycogen by regulating BA 
metabolism in a type 2 diabetes mouse model [20]. Therefore, we 
speculated that P. copri supplementation could alleviate the disease ef
fects in the PSC model. To verify this hypothesis, we administered P. 
copri to mice in control and DDC-supplemented groups, as shown in 
Fig. 2A. Unfortunately, oral administration of P. copri did not improve 
DDC-diet induced weight loss (Fig. 2C) or liver inflammation (Fig. 2E, 
F), which was consistent with the proinflammatory effect of this bac
terial strain that has been widely reported in arthritis and colitis 
[36,49–52]. On the other hand, mice were fed diets supplemented with 
0.1% DDC throughout the experiment to induce PSC model by inhibiting 
iron chelatase, leading to the accumulation of protoporphyrin IX (PpIX) 
in hepatocytes, bile canaliculi, and bile ducts. These might the reason 
that P. copri did not have a good effect on the improvement of this 
persistent drug-induced injury. Through pathological analysis and 
evaluation of the expression of inflammatory factors, the addition of P. 
copri was not found to cause an inflammatory response under healthy 
and normal feeding conditions. However, after DDC treatment, the in
testinal mucosa was damaged (Fig. S1C), increasing the risk of bacteria 
entering the intestinal environment and resulting in liver inflammation 
in mice in the DDC + P. copri group that was still serious. Therefore, we 
believe that the proinflammatory effect of P. copri is likely to occur in 
conjunction with intestinal damage. 

Intestinal bacteria play an intermediate role in the dissociation of 
conjugated BAs, which is crucial for maintaining intestinal metabolic 
homeostasis [46,53]. In this study, intervention with P. copri resulted in 
significant differences in the intestinal microbiota in each group, from 
which we found bacteria genus that had synergistic or antagonistic ef
fects with P. copri, and conducted correlation studies with conjugated 
and unconjugated BAs, as shown in Fig. 5F. The increase in Pre
votellaceae, Muribaculaceae (family S24–7) and Clostridium was 
concomitant with the elevation in TCDCA, T-α-MCA and LCA in treat
ment groups, indicating that administration of P. copri might promote 
TCDCA, T-α-MCA and LCA production by enriching Muribaculaceae and 
Clostridium abundance. Muribaculaceae can promote expression of the 
BA transporter Mdr1 and regulate the TCDCA and T-α-MCA content in 
mice after partial hepatectomy [54]. Additionally, a previous study 
certified that the abundance of Clostridium, a typical producer of bile salt 
hydrolase, was positively correlated with Shp expression and negatively 
correlated with Cyp7a1 expression [55]. These data provide further 
evidence that the increase in S24–7 and Clostridium might offset chole
stasis in the DDC + P. copri group by improving BA transport and 
inhibiting BA synthesis. Conversely, we found that Staphylococcus and 
Akkermansia had distinct negative correlations with both T-α-MCA and 
LCA in the treatment groups. Staphylococcus and Akkermansia are two 

important bacteria that contain 7α-dehydroxylation- and deconjugation- 
related enzymes and BA-related proteins, such as BA transporters, linear 
amide C–N hydrolases, and cholylglycine hydrolase, to catalyse the 
unconjugation of conjugated BAs to form free BAs and participate in the 
transport of BAs. Therefore, we believe that the screened differentially 
abundant bacterial genera associated with P. copri co-acted on BA 
metabolism, and the three BAs with the closest correlation were iden
tified as TCDCA, T-α-MCA and LCA. According to existing studies, T- 
α-MCA is a natural endogenous FXR inhibitor [43], and CA can activate 
FXR [45,46]. Notably, intestinal Fxr expression was reversed with 
changes in T-α-MCA levels, and the combination of CA expression could 
explain the changes in intestinal Fxr. As a result, our data showed that P. 
copri treatment did not affect intestinal Fxr due to the reverse function of 
T-α-MCA and CA (Fig. 3 E, F). In contrast, the activation of CA was 
apparently superior to the inhibitory effect of T-α-MCA in the DDC + P. 
copri group, thus stimulating a large amount of Fxr expression in the SI. 
Due to the contribution of gut microbiota, P. copri intervention could 
ameliorate cholestasis by controlling the activity of BA receptors 
(mainly FXR) to regulate the transformation and content of BAs and 
ultimately improve the metabolism of BAs. 

In addition to the significant improvement in cholestasis after 
intervention with P. copri on the background of DDC, the effective 
reduction in DDC-induced fibrosis by P. copri in this experiment was a 
welcome phenotype. Based on the principle that DDC causes bile duct 
obstruction and leads to chronic cholestasis, which then develops into 
inflammation and fibrosis [30], we hypothesize that the elimination of 
intrahepatic cholestasis is conducive to reversal of fibrosis. Similarly, in 
a previous study, intervention with the probiotic Lactobacillus rhamnosus 
GG (LGG) significantly attenuated inflammation and liver fibrosis in bile 
duct ligation (BDL) and Mdr2− /− model mice [56]. In our study, P. copri 
treatment on a DCC background increased the number of Lactobacillus, 
but the number was still lower than that in the control group, which 
could explain the failure of P. copri to completely recover DDC-induced 
inflammation. In addition, previous studies have suggested that chole
stasis can cause extensive bile duct hyperplasia and the formation of 
portal vein fibrosis in rats and that liver fibrosis can be effectively 
eliminated within three weeks after the obstruction is relieved, which is 
in accordance with our experimental results [57]. This suggests that in 
our study cholestasis and liver fibrosis caused by bile duct obstruction 
can be gradually recovered after intervention with P. copri, which also 
indirectly reflects the gradual recovery of intrahepatic bile duct 
obstruction caused by DDC. The reduction in cholestasis and fibrosis is 
the highlight of this research, but the damage caused by DDC was not 
completely restored to normal by the effects of P. copri. 

In conclusion, the present study indicates that P. copri can signifi
cantly improve DDC-induced cholestasis and liver fibrosis by regulating 
the metabolism and transport pathways of BAs via combination with 
intestinal microbiota and especially the FXR signalling pathway. This 
provides a more comprehensive exploration of P. copri and reflects the 
great significance of P. copri in the treatment of chronic cholestasis 
diseases. By 16S rRNA analysis, we identified bacterial genera that may 
have synergistic or antagonistic effects with P. copri, as well as three BAs, 
TCDCA, T-α-MCA and LCA that are significantly related to these genera. 
Although 16S rRNA analysis of gut microbiota is probably not sensitive 
enough to unambiguously assess bacterial diversity, deeper DNA 
sequence analysis are required to confirm our finding, we believe this 
observation lays a foundation for further study of the mutual trans
formation of BAs under the action of P. copri. 
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