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cultural isolation of spore‑forming 
bacteria in human feces using bile 
acids
Masaru tanaka, Sakura onizuka, Riko Mishima & Jiro nakayama*

Structurally-diversified bile acids (BAs) are involved in shaping of intestinal microbiota as well as 
absorption of dietary lipids. Taurocholic acid, a conjugated form of BA, has been reported to be 
a factor triggering germination of a wide range of spore-forming bacteria in intestine. To test a 
hypothesis that other BAs also promote germination of intestinal bacteria, we attempted culture 
of bacteria from ethanol-treated feces by using a series of BAs. It was found that conjugated-BAs, 
notably three glycine-conjugated BAs, glycodeoxycholic acid and glycochenodeoxycholic acid, 
significantly increased the number and the species variety of colonies formed on the agar plate. These 
colonized bacteria mostly belonged to class clostridia, mainly consisting of families Lachnospiraceae, 
Clostridiaceae, and Peptostreptococcaceae. There were several types of bacteria associated with 
different sensitivity to each BA. Eventually, we isolated 72 bacterial species of which 61 are known and 
11 novel. These results demonstrate that the culturable range of bacteria in intestine can be widened 
using the germination-inducing activity of BAs. This approach would advance the research on spore-
forming Clostridia that contains important but difficult-to-cultured bacteria associate with host health 
and diseases.

The crosstalks of host-gut microbes interaction plays a crucial role in the health and disease of human  being1. 
The number of bacterial cells residing in the body of human is estimated to be approximately 40-trillion bacterial 
 cells2, consisting of several hundreds of bacterial species out of total 4,500 estimated for all human on the  earth3. 
More than 2,600 of 4,500 species are estimated to be uncultured and have never been isolated in the  laboratory3,4, 
despite including members that are believed to play an important biological role that remains  undiscovered2,5. 
Although several metagenomic studies shed light on these uncultured bacteria that may have avoided past cul-
ture  strategies6, a new wave of gut microbiota culturomics is decreasing the number of unclassified microbial 
diversity within the gut  ecosystem7–12.

The phylum Firmicutes, which includes Lachnospiraceae, Ruminococcaceae and Clostridiaceae, accounts for 
approximately half of the gut microbial community, many of which are known as spore-forming  bacteria7,8,13,14. 
The high tolerance of these spore-forming bacteria to gut environment stress such as high and low temperature, 
nutrient and oxygen and drug attack allows their long-term  survival7,14–16. It is also known that spores tolerant to 
the outside gut environment facilitate the host-to-host transmission of bacteria through spatio-temporal means, 
which is not limited to pathogens, but includes commensals beneficial to  health14.

Bile stress is one of the stresses experienced by intestinal bacteria. In humans, there are two main BAs, cholic 
acid (CA) and chenodeoxycholic acid (CDCA), which are produced and secreted into the small intestine as 
taurine- or glycine-conjugated forms to aid lipid absorption by forming water-soluble  micelles17,18. BAs are 
mostly reabsorbed and recycled at the end of the small intestine, and thereafter parts of them passed through to 
the large intestine, after which they are processed to secondary BAs by large intestinal microbiota. Specifically, 
conjugated BAs are deconjugated by the function of the bacterial bile salt hydrolase (BSH)19,20 and then converted 
to secondary BAs through 7α-dehydroxylation, resulting in deoxycholic acids (DCA) and lithocholic acid (LCA) 
from CA and CDCA respectively. Alternatively, 7α-epimerization results in ursodeoxycholic acid (UDCA) from 
 CDCA21–23. Since these BA converting enzymes are unique to certain species of bacteria, the final composition 
of BAs will differ depending on the composition of gastro-intestinal  microbiota24.
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With bactericidal activity, BAs provide selective pressure for the colonization of bile-sensitive  bacteria25. In 
contrast, some spore-forming bacteria including pathogens and commensals, germinate in response to BAs in the 
intestinal  tract7. The germination of Clostridioides difficile spores, the pathogen that causes diarrhea, is stimulated 
by a combination of nutrients and bile salts present in the gastrointestinal tract, specifically taurocholic acid 
(TCA)26–29. It was recently reported that TCA also induces germination of certain populations of spore-forming 
bacteria in the intestine and expands the culturability of gut  bacteria7.

Here, we hypothesize that many spore-forming bacteria in intestinal tract control germination by using TCA 
as the environmental signal. To address this hypothesize, we demonstrated the germination-inducing activity 
of a series of human BAs against spore-formers in feces, which are expected to include a number of yet-to-be 
cultured bacterial species.

Results
Germination of spores in feces by using various BAs. To examine the activity of a series of BAs on 
spore germination, seven fresh fecal samples were treated with an equal volume of 70% (v/v) ethanol to kill 
vegetative cells. Surviving spores were treated with each BA then spread and culture on GAM agar medium. For 
a negative control, non-BA treated spores were also spread and culture on the plate in the same manner. The 
number of colonies formed from samples treated by each BA signatures was counted individually for the seven 
fecal samples and statistically compared with the different BA groups (Table S1). The colony forming units (cfu) 
of the ethanol untreated samples was about 10,000 times that of the ethanol treated sample. As shown in Fig. 1, 
the cfu. were significantly higher in the samples treated by glycodeoxycholic acid (GDCA), glycochenodeoxy-
cholic acid (GCDCA), taurochenodeoxycholic acid (TCDCA), TCA and glycocholic acid (GCA) compared to 
the BA-untreated sample, suggesting that these BAs have germination inducing activity for spore-forming bac-
teria present in the intestine (p < 0.05, Wilcoxon signed-rank test). GCDCA and GDCA in particular, showed 
approximately two-fold higher activity compared to TCA, which is a known germination inducer, although not 
statistically significant (p > 0.375, Wilcoxon signed-rank test).

Spectrum of germination-inducing activity of the human BAs. To assess the population and the 
phylogenetic variety of intestinal bacteria responsive to the 15 BAs, the bacterial cells of colonies formed on each 
BA plate were collected and subjected to 16S rRNA gene amplicon sequencing. For the control, colonies from 
fecal samples without ethanol treatments, which represented cultivable vegetative cells of non-spore-forming 
and spore-forming bacteria, were analyzed in the same manner. The relative abundance of each bacterial family 
was determined for each plate. The data obtained from fecal samples of 7 donors were statistically compared 
among each BA-treated groups and the non-ethanol treated control group (Fig. 2). Neither Bacteroidaceae and 
Bifidobacteriaceae were observed in the ethanol-BA treated samples while their colonization was confirmed on 
the plate of non-ethanol treated control, confirming that the ethanol treatment killed these non-spore-forming 
bacteria of these families. On the other hand, families of Clostridiaceae, Lachnospiraceae and Peptostreptococ-
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Figure 1.  Fold change of cfu of ethanol-treated fecal sample by a series of BAs. The number of colonies formed 
on agar plates containing each BA is expressed as a fold change with respect to the BA positive control (TCA). 
A paired Wilcoxon signed-rank test was used to test the significance of the difference in the fold change to the 
negative control non-BA treatment (*p < 0.05).
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caceae were enriched in the ethanol-BA treated samples. Particularly, the relative abundance of Lachnospiraceae 
was significantly higher in the samples treated by GCA compared to those treated by other BAs.

The heat map in Fig. 3 shows the distribution of OTUs observed from each BA-treated sample and their 
annotation to bacterial families and species. Colored cells indicate the presence of OTUs among the colonies 
cultured from each BA-treated sample. These OTUs were classified into 12 families, constituting mainly of Lach-
nospiraceae, Clostridiaceae, Peptostreptococcaceae, and Oscillospiraceae. Further, these OTUs were clustered 
into five types based on the responsiveness to the different BAs. Type-1 OTUs were detected from all BA-treated 
samples. Type-2 OTUs were commonly detected from the samples treated by conjugated primary BAs. Type 3 
and Type 4 OTUs were detected from the samples treated by glycine-conjugated BAs or taurine-conjugated BAs 
respectively. Type 5 OTUs were detected from the samples specifically treated by TCA or GDCA. A number of 
OTUs, particularly from the samples treated by glycine-conjugated BAs, were not annotated with any known 
species (similarity < 97%), suggesting the effective enrichment of as-yet-uncultured species whose germination 
is triggered by glycine conjugated  BA30.

Taxonomy of cultured isolates. We cultured 438 bacterial colonies isolated from the ethanol-BA treated 
fecal samples of seven donors, as well as 67 colonies from untreated feces of the same donors (Table S2). Theses 
isolates were subjected to taxonomy analysis using full-length 16S rRNA gene sequences. The derived 16S rRNA 
gene sequences were dereplicated into 94 OTUs with more than 98.7% sequence identity. The number of the 
MiSeq sequence reads mapped to these 94 OTUs accounted for 49.9% of total amplicon reads from fecal micro-
biotas of the seven subjects, suggesting that approximately half portion of human gastro-intestinal microbiota 
was successfully cultured.
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Figure 2.  The effect of the series of BAs on the colonization of each family. The fecal samples from 7 adults 
were treated by the series of BAs following ethanol treatment and were subjected to the plate culture. For the 
control to capture culturable vegetative cells of non-spore-forming and spore-forming bacteria, fecal sample 
was directly cultured on the medium without ethanol and BA treatments. Colonies on the plate were pooled 
and subjected to the 16S rRNA gene amplicon sequencing. Also, to capture the microbiome of original fecal 
samples, total bacterial DNA was extracted from fecal samples and subjected to the 16S rRNA gene amplicon 
sequencing. OTUs were generated from the obtained 16S rRNA gene V3-V4 region sequences. Box plots show 
the distribution of the relative abundance of bacterial family among the data from seven donors. Different letters 
(a-c) indicate significant differences between treated BA signatures (p < 0.05, pair-wise Mann Whitney U test). 
n.s. non-significantly.
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Each OTU was taxonomically annotated by comparison against the EzBioCloud 16S rRNA gene database. 
Consequently, 94 OTUs were classified into four main phyla of human intestinal bacteria, namely Firmicutes, 
Bacteroidetes, Actinobacteria, and Proteobacteria (Fig. 4). Seventy-two OTUs observed from the ethanol-BA 
treated fecal samples belonged primarily to families Lachnospiraceae, Clostridiaceae and Oscillospiraceae, 
whereas 30 OTUs from the untreated samples mainly belonged to the Bacteroidaceae and Bifidobacteriaceae 
families. Out of 94 OTUs, 7 were observed from both treated and untreated. The taxonomy of each OTU was 
identified at the species level with more than 98.7% identity and at genus level with more than 94.5% identity 
to the 16S rRNA gene sequence of the closest species in the  database31. Consequently, 81 known species were 
identified, while 11 OTUs, all of which were uniquely isolated from the ethanol-BA treated samples, were not 

> 0.1% detected 
< 0.1% detected 

Novel candidate species 
Similarity < 97 %

Known species

Family

Lachnospiraceae
Clostridiaceae
Peptostreptococcaceae
Oscillospiraceae
Moraxellaceae
Pseudomonadaceae
Other

Type1

Type2

Type3

Type4

Type5

Species

Figure 3.  Heat map of detected OTUs in each BA-treated sample. OTUs whose abundances were higher 
than 0.1% on each plate were selected and then clustered according to their abundance in each BA-treated 
sample. Each cell shows by color, the relative abundance to total population (black, < 0.1%; green, 0.1% >). The 
taxonomic classification at family level was displayed in the “Family” column with colors representing the 
bacterial taxonomies at the bottom panel. The OTUs were also annotated at species level, while novel candidate 
species were listed with 16S rRNA gene sequences showing less than 97% identity with any described species 
(black in the “Species” column).

Characterized species          Novel species (< 98.7%)             Novel genus (< 94.5%)
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Figure 4.  Phylogenetic tree of bacterial isolates from seven donors. Two trees were constructed by the neighbor 
joining method using the full-length 16S rRNA gene sequences of 72 OTUs of colony isolates from ethanol-BA 
treated feces of the seven donors (a) and 30 OTUs from untreated feces from the same donors (b). Novel 
candidate genera and species are marked with red and orange dots, respectively. Major phyla and family names 
are indicated. More details of OTUs are tabulated in Table S1.
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identified to any known species in the database. Further, of the 11 OTUs, 3 were recognized as novel candidate 
genus. These candidates belong to either the Lachnospiraceae or Clostridiaceae families of the Firmicutes phylum.

Specificity in the responsiveness of spore-forming bacteria to BAs. Figure 5 shows the number of 
shared and unshared OTUs among the different BA-treated samples. Glycine-conjugated BAs offered somewhat 
higher number of unique OTUs compared to taurine-conjugated BAs. Notably, 4 and 3 OTUs belonging to gen-
era Roseburia and Blautia, respectively, were obtained only from the samples treated by glycine-conjugated BAs 
(Table S2). Furthermore, from glycine-conjugated BAs, 10 novel candidate species were obtained, while only 
2 was found from taurine-conjugated BAs. These results suggest the specificity in the responsiveness of spore-
forming bacteria to BAs as well as validity of glycine-conjugated BAs to culture uncultured species of human 
gastro-intestinal tract.

Discussion
In this study, we focused on the germination-inducing activity of a series of human BAs against spore-forming 
bacteria in human gut microbiota and found that spores in human feces are largely responsive to BAs. The induc-
tion of germination depends on the BA signatures, conjugated BAs in particular. Two types of conjugated BAs 
were tested in this study, namely taurine- and glycine-conjugated BAs. These showed rather strong activity, in 
accordance with a previous study which showed the efficacy of TCA 6 notably for uncultured intestinal bacteria, 
as well as C. difficile whose spore formation is problematic to the antibiotic-associated colitis  patients26–29. The 
present study showed that glycine conjugated BAs showed a novel germination-inducing capability in terms of 
effective range of target species including 9 yet-to-be cultured species belonging to class Clostridia.

Our results showed that human intestinal clostridia tend to be more sensitive to glycine-conjugated BAs 
than TCA. The difference in the sensitivity spectra may be related to different intestinal microbial niche, such 
as taurine-conjugate32 rich mouse intestine, glycine-conjugate rich adult human  intestine33, and human infant’s 
intestine lacking in glycine-conjugates24.

It is known that tere are complex machineries equipped in spores, allowing their germination in response 
to multiple environmental signals including not only bile acids but also nutrient signals such as amino acids, 
nucleic acids, and sugars. The systems are studied well in clostridial pathogens such as C. difficile, C. perfringens, 
and C. botulinum, in which they share common cascade signaling system with three Csp  proteins34. These Csp 
proteases are also conserved in many Clostridia organisms, such as Clostridiaceae, Lachnospiraceae and Pep-
tostreptococcaceae  family35. However, germinant receptors are diversified such as Ger protein family to sense 
amino acids in C. perfringens and C. botulinum and CspC to sense taurocholate in C. difficile34. It is also known 
that C. difficile requires an amino acid signal, particularly glycine, as co-germinant of TCA, which may function 
through unknown  receptor36,37. Glycine-conjugated BAs may interact with these cognate receptors as well as 
amino acid molecules and may efficiently trigger the germination of the wide range of gastro-intestinal tract 
bacteria . It warrants further study on the molecular mechanism of the signaling of glycine-conjugated BAs.

Previous large-scale isolation studies using TCA successfully isolated 105 novel  species7,8. In this study, 
however, although on a smaller scale, most of the novel candidate species were isolated from the plate supple-
mented with glycine-conjugated BAs and only one was isolated from the TCA plate. This warrants a large-scale 
isolation study with varieties of BA molecules including novel conjugated BAs, such as phenylalanocholic acid, 
tyrosocholic acid and leucocholic acid, which were recently identified in human  feces38.

In conclusion, our study showed the efficacy of a series of BAs for the cultivation and isolation of gastro-
intestinal tract spore-forming bacteria including uncultured species. The efficacy depends on the BA signatures 
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and the target bacterial species. A further study to address its molecular mechanism is warranted, in order to 
understand the BA-mediated gut microbial ecosystem as well as to capture unculturable microbiota.

Materials and methods
Sample collection. To test spore germination activity of BAs for gastro-intestinal tract bacteria, we col-
lected fresh fecal samples from seven healthy adults aged from 22 to 32 years. Fresh feces were collected in two 
sterile tube (size 76 × 20 mm), each with 2 ml RNA later for 16S rRNA gene sequencing analysis or phosphate 
buffered saline (PBS) for bacterial culture. Collected samples in RNAlater were stored at 4 °C until further pro-
cessing for DNA extraction. Collected samples in PBS were immediately processed within 1 h to preserve the 
viability of anaerobic bacteria.

Bile acids. The BAs used in this study are: CA (Nacalai tesque, Japan), CDCA (Nacalai tesque), UDCA 
(Tokyo chemical industry Co. Ltd., Japan), DCA (Nacalai tesque), LCA (Nacalai tesque), their taurine conju-
gated forms, TCA (Tokyo Chemical Industry Co. Ltd.), TCDCA (FUJIFILM Wako Pure Chemical Co., Japan), 
taurodeoxycholic acid (TDCA, Nacalai tesque), taurolithocholic acid (TLCA, FUJIFILM Wako Pure Chemical 
Co.), tauroursodeoxycholic acid (TUDCA, Nacalai tesque), and their glycine conjugated forms, GCA (Tokyo 
Chemical Industry Co. Ltd.), GCDCA (Nacalai tesque), GDCA (Sigma-Aldrich, MO), glycolithocholic acid 
(GLCA, Nacalai tesque), glycoursodeoxycholic acid (GUDCA, Tokyo Chemical Industry Co. Ltd.). Stock solu-
tion of BAs was prepared by dissolving each BA in dimethyl sulfoxide to be 10% (w/v) except for TLCA, GLCA, 
TDCA, and GDCA to be 1% (w/v) followed by filter sterilization. Immediately before use, the BA solutions were 
diluted in reduced PBS to be 0.1% (w/v) except 0.01% (w/v) for the four BAs.

culturing. Bacteria culturing was performed under anoxic conditions in an anaerobic chamber (gas condi-
tion was 10% carbon dioxide, 10% hydrogen and 80% nitrogen). The fecal samples were homogenized in PBS 
(0.1 g stool per ml PBS), added by an equal volume of 70% (v/v) ethanol, and then incubated for 4 h at room tem-
perature under ambient aerobic condition in order to kill vegetative  cells7. Thereafter, the material was washed 
three times with PBS. Then, the ethanol-treated feces were resuspended with BA solutions (0.1 or 0.01 mg BAs 
per ml PBS) in order to stimulate spore germination and a spread on agar plate with Gifu-anaerobic medium 
(GAM, Nissui Pharmaceutical, Tokyo, Japan). For ethanol-untreated control, the fecal suspension was serial 
dilution and spread on the agar plates with GAM.

The inoculated agar plates were incubated for 72 h at 37 °C in the anaerobic chamber. The colonies formed 
on the agar medium were picked and inoculated in 3 ml GAM broth, and thereafter incubated overnight for the 
liquid culture. The cultured bacteria were reserved in glycerol stock at − 80 °C while analyzing the sequence of 
full-length 16S rRNA gene.

16S rRNA gene amplicon sequencing and analysis. All colonies on the plates were picked and sus-
pended in 1 ml PBS by using inoculating loop. The genomic DNA was extracted from the pool by the beads-
phenol method as previously  described39. Bacterial DNA was also extracted from fecal samples using the same 
DNA extraction process. The extracted DNA was stored at − 30  °C until sequencing was performed on the 
Illumina MiSeq.

The variable region, V3-V4, of the 16S rRNA gene, was amplified from the extracted DNA as a template using 
the universal primers 341f. (5′- CGC TCT TCC GAT CTC TGC CTA CGG GNGGC WGC AG -3′) and 805r (5′- TGC 
TCT TCC GAT CTG ACG ACTACHVGGG TAT CTA ATC C -3′), and TaKaRa Ex Taq HS (Takara Bio). The amplified 
products were then used as templates in a second PCR for further amplification using barcode-tagged primers. 
Both PCRs were performed as described  previously39. PCR products were pooled and combined in equimolar 
amounts for sequencing using the Illumina MiSeq platform, generating 300 bp paired-end reads.

The sequences obtained from feces and cultured bacteria were processed using the Uparse pipeline in Usearch 
version 9.2 and 10.0. (https ://drive 5.com/useac h/manua l/upp_ill_pe.html). 40Firstly, the pair of sequence reads 
were merged using the fastq_mergepairs script with mismatched windows up to 20 bases. After quality filter-
ing, dereplication, the discard of singletons and length trimming, the merged sequences were clustered into 286 
OTUs, each representing greater than 97% identity, using the UPARSE-OTU algorithm. The taxonomy of each 
OTU was assigned at phylum to species level using the EzBioCloud 16S rRNA gene database and the VSEARCH 
 program41 and a cut-off of 0.97.

Taxonomic classification of isolates. The taxonomy of the cultured isolates was analyzed using full-
length 16S rRNA gene sequences. The full-length 16S rRNA gene fragment was amplified by PCR using the 27F 
(5′- AGA GTT TGA TCC TGG CTC AG -3′) forward and 1497R (5′- GGT TAC CTT GTT ACG ACT T -3′) reverse 
primers. Purified PCR products were subjected to Sanger sequencing by GENEWIZ (New jersey, USA). The 
resulting sequences were aligned using the Uparse/Usearch pipeline and were then grouped into OTUs, each 
representing greater than 98.7% sequence identity as per the UPARSE-OTU algorithm. The full-length 16S 
rRNA gene sequence of each species-level OTU was searched in the EzBioCloud 16S rRNA gene database (last 
updated Nov. 12th, 2019) to assign taxonomic designations to the species level and either known or novel can-
didate species  status31. For phylogenetic analysis, all OTU sequences were aligned using ClustalW 2.1 (https 
://clust ralw.ddbj.nig/) and then analyzed using the neighbor joining  method42. For the neighbor-joining tree, 
evolutional distances were calculated based on a two-parameter  model43. The rarefaction analysis was calculated 
by using the Usearch alpha_rare command.

https://drive5.com/useach/manual/upp_ill_pe.html).
https://clustralw.ddbj.nig/
https://clustralw.ddbj.nig/
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Statistical analysis. Statistical analyses were performed using the R package (V.3.2.2) (https ://www.r-proje 
ct.org/) and Excel 2011 (Microsoft). For comparing cfu among sample groups, the paired Wilcoxon singled-rank 
test was used. Cultured bacteria were clustered based on the relative abundance of OTUs cultured with each BA, 
in which hierarchical clustering was calculated based on complete linkage of the Eucidean distances matrix by 
the Heatmap.2 function in the R gplots package.

Accession Number of 16S rRNA gene sequences. Raw sequence data were deposited in the DNA Data 
Bank of Japan (DDBJ) sequence read archive (DRA010323) under BioProject no. PRJDB012698, which contains 
links and access to stool sampling and cultured data under BioSample SAMD00230455 to SAMD00230551.

ethics approval. This study was approved by the Ethics Committees of the Faculty of Agriculture, Kyushu 
University (No. 19-006). All methods were carried out in accordance with the relevant guidelines and regula-
tions. Written informed consent was obtained from donors of fecal samples. We entered and analyzed all sam-
ples anonymously and will publish all data anonymously using personal numbers.

Received: 19 March 2020; Accepted: 31 July 2020

References
 1. Chang, C. S. & Kao, C. Y. Current understanding of the gut microbiota shaping mechanisms. J. Biomed. Sci. 26, 1–11 (2019).
 2. Sender, R., Fuchs, S. & Milo, R. Revised estimates for the number of human and bacteria cells in the body. PLoS Biol. 19, e1002533 

(2016).
 3. Almeida, A. et al. A new genomic blueprint of the human gut microbiota. Nature 568, 499–504 (2019).
 4. Nayfach, S., Shi, Z. J., Seshadri, R., Pollard, K. S. & Kyrpides, N. C. New insights from uncultivated genomes of the global human 

gut microbiome. Nature 568, 505–510 (2019).
 5. Sonnenburg, E. D. et al. Diet-induced extinctions in the gut microbiota compound over generations. Nature 529, 212–215 (2016).
 6. Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J. & Segata, N. Shotgun metagenomics, from sampling to analysis. Nat. Bio-

technol. 35, 833–844 (2017).
 7. Browne, H. P. et al. Culturing of ‘unculturable’ human microbiota reveals novel taxa and extensive sporulation. Nature 533, 543–546 

(2016).
 8. Forster, S. C. et al. A human gut bacterial genome and culture collection for improved metagenomic analyses. Nat. Biotechnol. 37, 

186–192 (2019).
 9. Lagier, J. C. et al. Culture of previously uncultured members of the human gut microbiota by culturomics. Nat. Microbiol. 1, 2 

(2016).
 10. Lau, J. T. et al. Capturing the diversity of the human gut microbiota through culture-enriched molecular profiling. Genome Med. 

8, 1–10 (2016).
 11. Hugon, P. et al. A comprehensive repertoire of prokaryotic species identified in human beings. Lancet Infect. Dis. 15, 1211–1219 

(2015).
 12. Ito, T., Sekizuka, T., Kishi, N., Yamashita, A. & Kuroda, M. Conventional culture methods with commercially available media 

unveil the presence of novel culturable bacteria. Gut Microbes 10, 77–91 (2019).
 13. Galperin, M. Y. Genome diversity of spore-forming firmicutes. Microbiol. Spectr. 1, 1–15 (2013).
 14. Browne, H. P., Neville, B. A., Forster, S. C. & Lawley, T. D. Transmission of the gut microbiota: Spreading of health. Nat. Rev. 

Microbiol. 15, 531–543 (2017).
 15. Riesenman, P. J. & Nicholson, W. L. Role of the spore coat layers in Bacillus subtilis spore resistance to hydrogen peroxide, artificial 

UV-C, UV-B, and solar UV radiation. Appl. Environ. Microbiol. 66, 620–626 (2000).
 16. Tetz, G. & Tetz, V. Introducing the sporobiota and sporobiome. Gut Pathog. 9, 1–6 (2017).
 17. Russell, D. W. The enzymes, regulation, and genetics of bile acid synthesis. Annu. Rev. Biochem. 72, 137–174 (2003).
 18. Urdaneta, V. & Casadesús, J. Interactions between bacteria and bile salts in the gastrointestinal and hepatobiliary tracts. Front. 

Med. 4, 1–13 (2017).
 19. Jones, B., Maire, B., Colin, H., Cormac, G. M. G. & Julian, R. M. Functional and comparative metagenomic analysis of bile salt 

hydrolase activity in the human gut microbiome. PNAS 105, 13580–13585 (2008).
 20. Heinken, A. et al. Systematic assessment of secondary bile acid metabolism in gut microbes reveals distinct metabolic capabilities 

in inflammatory bowel disease. Microbiome 7, 1–18 (2019).
 21. Monte, M. J., Marin, J. J. G., Antelo, A. & Vazquez-Tato, J. Bile acids: Chemistry, physiology, and pathophysiology. World J. Gas-

troenterol. 15, 804–816 (2009).
 22. Hofmann, A. F. The continuing importance of bile acids in liver and intestinal disease. Arch. Intern. Med. 159, 2647–2658 (1999).
 23. Ridlon, J. M., Harris, S. C., Bhowmik, S., Kang, D. J. & Hylemon, P. B. Consequences of bile salt biotransformations by intestinal 

bacteria. Gut Microbes 7, 22–39 (2016).
 24. Tanaka, M. et al. The association between gut microbiota development and maturation of intestinal bile acid metabolism in the 

first 3 y of healthy Japanese infants. Gut Microbes 00, 1–12 (2019).
 25. Watanabe, M., Fukiya, S. & Yokota, A. Comprehensive evaluation of the bactericidal activities of free bile acids in the large intestine 

of humans and rodents. J. Lipid Res. 58, 1143–1152 (2017).
 26. Rineh, A., Kelso, M. J., Vatansever, F., Tegos, G. P. & Hamblin, M. R. Clostridium difficile infection: Molecular pathogenesis and 

novel therapeutics. Exp. Rev. Anti-Infect. Therapy 12, 131–150 (2014).
 27. Scott Weese, J., Staempfli, H. R. & Prescott, J. F. Survival of Clostridium difficile and its toxins in equine feces: Implications for 

diagnostic test selection and interpretation. J. Vet. Diagnostic Investig. 12, 332–336 (2000).
 28. Wilson, K. H., Kennedy, M. J. & Fekety, F. R. Use of sodium taurocholate to enhance spore recovery on a medium selective for 

Clostridium difficile. J. Clin. Microbiol. 15, 443–446 (1982).
 29. Kochan, T. J. et al. Updates to Clostridium difficile spore germination. J. Bacteriol. 200, 1–12 (2018).
 30. Yarza, P. et al. Uniting the classification of cultured and uncultured bacteria and archaea using 16S rRNA gene sequences. Nat. 

Rev. Microbiol. 12, 635–645 (2014).
 31. Yoon, S. H. et al. Introducing EzBioCloud: A taxonomically united database of 16S rRNA gene sequences and whole-genome 

assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613–1617 (2017).

https://www.r-project.org/
https://www.r-project.org/


8

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:15041  | https://doi.org/10.1038/s41598-020-71883-1

www.nature.com/scientificreports/

 32. Pham, H. T. et al. Inter-laboratory robustness of next-generation bile acid study in mice and humans: International ring trial 
involving 12 laboratories. J. Appl. Lab. Med. AACC Publ. 1, 129–142 (2016).

 33. Jahnel, J. et al. Reference ranges of serum bile acids in children and adolescents. Clin. Chem. Lab. Med. 53, 1807–1813 (2015).
 34. Shen, A., Edwards, A. N., Sarker, M. R. & Paredes-sabja, D. Sporulation and germination in clostridial pathogens. Microbiol Spectr. 

7, 3–17 (2019).
 35. Kevorkian, Y., Shirley, D. J. & Shen, A. Biochimie regulation of Clostridium difficile spore germination by the CspA pseudoprotease 

domain. Biochimie 122, 243–254 (2016).
 36. Shrestha, R. & Sorg, J. A. Hierarchical recognition of amino acid co-germinants during Clostridioides difficile spore germination 

Ritu. Anaerobe 49, 41–47 (2018).
 37. Shrestha, R., Lockless, S. W. & Sorg, X. J. A. A Clostridium difficile alanine racemase affects spore germination and accommodates 

serine as a substrate. J. Biol. Chem. 292, 10735–10742 (2017).
 38. Quinn, R. A. et al. Global chemical effects of the microbiome include new bile-acid conjugations. Nature 579, 2 (2020).
 39. Tanaka, M. et al. Signatures in the gut microbiota of Japanese infants who developed food allergies in early childhood. FEMS 

Microbiol. Ecol. 93, 1–11 (2017).
 40. Edgar, R. C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996–998 (2013).
 41. Rognes, T., Flouri, T., Nichols, B., Quince, C. & Mahé, F. VSEARCH: A versatile open source tool for metagenomics. PeerJ 2016, 

1–22 (2016).
 42. Saitou, N. & Nei, M. The neighbour-joining method: a new method for reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425 

(1987).
 43. Kimura, M. A simple method for estimating evolutionary rates of base substitutions through comparative studies of nucleotide 

sequences. J. Mol. Evol 16, 111–120 (1980).

Acknowledgements
This study was supported in part by JSPS KAKENHI Grant Numbers JP 19K22288, JP 25304006, JP 15H04480, 
and JP 17H04620, and Kyushu University Grant Numbers JA3BE17602. We appreciate the technical assistance 
for the operation of MiSeq from the Center for Advanced Instrumental and Educational Supports, Faculty of 
Agriculture, Kyushu University.

Author contributions
M.T. and J.N. wrote the main manuscript text, M.T. and S.O. prepared figures 1, 2, 3 and table S1, and R.M. 
performed the microbial community analysis. All authors reviewed the manuscript.

competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-71883 -1.

Correspondence and requests for materials should be addressed to J.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-71883-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cultural isolation of spore-forming bacteria in human feces using bile acids
	Anchor 2
	Anchor 3
	Results
	Germination of spores in feces by using various BAs. 
	Spectrum of germination-inducing activity of the human BAs. 
	Taxonomy of cultured isolates. 
	Specificity in the responsiveness of spore-forming bacteria to BAs. 

	Discussion
	Materials and methods
	Sample collection. 
	Bile acids. 
	Culturing. 
	16S rRNA gene amplicon sequencing and analysis. 
	Taxonomic classification of isolates. 
	Statistical analysis. 
	Accession Number of 16S rRNA gene sequences. 
	Ethics approval. 

	References
	Acknowledgements


