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            Abstract
Centenarians have a decreased susceptibility to ageing-associated illnesses, chronic inflammation and infectious diseases1,2,3. Here we show that centenarians have a distinct gut microbiome that is enriched in microorganisms that are capable of generating unique secondary bile acids, including various isoforms of lithocholic acid (LCA): iso-, 3-oxo-, allo-, 3-oxoallo- and isoallolithocholic acid. Among these bile acids, the biosynthetic pathway for isoalloLCA had not been described previously. By screening 68 bacterial isolates from the faecal microbiota of a centenarian, we identified Odoribacteraceae strains as effective producers of isoalloLCA both in vitro and in vivo. Furthermore, we found that the enzymes 5Î±-reductase (5AR) and 3Î²-hydroxysteroid dehydrogenase (3Î²-HSDH) were responsible for the production of isoalloLCA. IsoalloLCA exerted potent antimicrobial effects against Gram-positive (but not Gram-negative) multidrug-resistant pathogens, including Clostridioides difficile and Enterococcus faecium. These findings suggest that the metabolism of specific bile acids may be involved in reducing the risk of infection with pathobionts, thereby potentially contributing to the maintenance of intestinal homeostasis.
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                    Fig. 1: Centenarians have significantly elevated levels of faecal isoLCA, 3-oxoLCA, alloLCA, 3-oxoalloLCA and isoalloLCA.


Fig. 2: Identification of bacterial strains and genes involved in the generation of isoalloLCA and related bile acids.


Fig. 3: IsoalloLCA exerts potent antimicrobial activity against Gram-positive pathogens.


Fig. 4: Association of gut microbiome structure with bile acid profile.



                


                
                    
                
            

            
                Data availability

              
              Shotgun sequencing data are deposited in NCBI under BioProject PRJNA675598. Genome sequences of the 68 strains isolated from a centenarian and 16S rRNA amplicon sequence data are deposited in the DNA Data Bank of Japan under BioProject PRJDB11902 and PRJDB11894, respectively. LCâ€“MS/MS data are deposited in Metabolomics WorkbenchÂ (https://www.metabolomicsworkbench.org/) under project ID PR001168 with study ID ST001851 for human faeces data and study ID ST001852 for in vitro data.Â Source data are provided with this paper.

            

Code availability

              
              Code for all of the analyses is available on GitHub (https://gitlab.com/xavier-lab-computation/public/centenarianmicrobiome).
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Extended data figures and tables

Extended Data Fig. 1 Clinical characteristics of centenarians.
a, b, Activities of daily living (ADL) scores assessed via the Barthel index (a) and mini-mental state exam (MMSE) scores (b) of centenarian (top, ADL, nÂ =Â 96; MMSE, nÂ =Â 67) and older (bottom, ADL, nÂ =Â 111; MMSE, nÂ =Â 111) groups. c, Blood tests from centenarian (CE,Â nÂ =Â 146-150, orange), older (nÂ =Â 111, blue), and young (nÂ =Â 15-39, grey) participants; red blood cell (RBC) count; albumin; C-reactive protein (CRP); white blood cell (WBC) count; total protein; blood urea nitrogen (BUN); fasting blood glucose; uric acid; and creatinine. d, Faecal lipocalin level of centenarian (nÂ =Â 122), older (nÂ =Â 67), and young (nÂ =Â 19) individuals quantified by ELISA. e, Body-mass-index (BMI) values of centenarian (nÂ =Â 89), older (nÂ =Â 111), and young (nÂ =Â 39) individuals. f, Percentages of individuals with medical histories of diabetes mellitus, hypertension, or cancer. Black colour represents affected individuals. Medical history was surveyed from 155-156 centenarian, 110-111 older, and 39 young individuals. In c-e, data are meanÂ Â±Â s.d. ***PÂ <Â 0.001; **PÂ <Â 0.01; *PÂ <Â 0.05; Kruskalâ€“Wallis with Dunnâ€™s test. ns, not significant. Grey areas within graphs are ranges of normal values.
Source Data


Extended Data Fig. 2 Gut microbiome signatures in centenarian, older and young Japanese participants based on whole-metagenome shotgun sequencing and de novo assembly analysis.
a, Principal coordinate analysis based on species-level Brayâ€“Curtis dissimilarity from the assembled faecal metagenomes of centenarian [CE,Â nÂ =Â 176, orange (154 individuals: 3 participants undergoing antibiotic treatment and 3 with insufficient bacterial DNA yield were excluded from the total 160 participants; analysis also included samples collected twice from 20 individuals and three times from 1 individual with an intervening one or two year interval)], older [nÂ =Â 110, blue (110 individuals: 1 participant undergoing antibiotics treatment and 1 participant with insufficient bacterial DNA yield were excluded from 112 participants)], and young [nÂ =Â 44, grey (44 individuals: 3 participants with insufficient bacterial DNA yield were excluded from 47 participants].Â The microbiota composition of centenarians was significantly different from that of both controlÂ groups (PERMANOVA false-discovery rate (FDR)-adjusted P < 0.05).Â  b, c, Relative abundance across phyla. d, Shannon diversity index (*PÂ <Â 0.05, linear model). e-g, Changes in the relative abundance (RelAb) of gut metagenome species (MSPs) between centenarian, older, and young participants grouped according to the following signatures of differential abundance: 1) ageing signature, 2) rejuvenation signature, and 3) centenarian signature. Each signature is accompanied by models depicting microbial relative abundance patterns in centenarian (C), older (O), and young (Y) groups that would fall into the given signature. Colour scale represents the coefficient from the linear model and indicates enrichment (red) or depletion (blue) of a species in the respective comparisons: centenarian compared to older, centenarian compared to young, and older compared to young; in each case, the latter group is used as a reference in the model. Differentially abundant species that are significant at FDR PÂ <Â 0.05 are indicated with asterisks. The first signature (â€˜ageing signatureâ€™) included taxa whose abundance was increased or decreased with age (e). For example, Eubacterium siraeum and undefined FirmicutesÂ species (msp_161, 213) were most abundant in centenarians, followed by the older and then the young controls, whereas Blautia wexlerae displayed the opposite trend, being most abundant in young controls, followed by the older participants, and finally the centenarians. These findings are in alignment with previous studies that suggest the relative abundances of these taxa reflect adaptation to ageing, and may be related to physical activity and diet3,40. The second signature (â€˜rejuvenation signatureâ€™) included taxa whose abundance was similar in centenarians and young controls, but distinct from the older participants (f). These species might reflect the maintenance of youth or possess reverse-ageing effects. Notably, R. gnavus and E. lenta were part of this signature, as they were comparably abundant in both centenarians and young controls. Notably, these species have been implicated in bile acid metabolism, particularly the biosynthesis of iso-bile acids11. The third signature (â€˜centenarian signatureâ€™) included centenarian-specific taxa whose abundance was significantly different between centenarians and both the older and young control groups, but not between these two control groups (g). In the third signature, Alistipes, Parabacteroides, Bacteroides and Clostridium species, as well as Methanobrevibacter, a predominant archaeon in the human gut, were specifically enriched in centenarians compared with the other groups. One of the most abundant species in centenarians was C. scindens. By contrast, key butyrate producers such as F. prausnitzii and E. rectale were selectively depleted in centenarians. h, i, Abundance of genes homologous to the C. scindens bai operon in Japanese (h) and Sardinian (i) centenarian, older, and young age groups. Sardinian centenarians (nÂ =Â 19), older controls (nÂ =Â 23), and young controls (nÂ =Â 17) from the European Nucleotide Archive (accession number PRJEB25514). c, d, h, i, Horizontal lines indicate the median; box boundaries indicate theÂ interquartile range; whiskers represent values within 1.5 Ã— the interquartile range of the first and third quartiles. Each circle represents one sample. In c, e-i, *FDR-adjusted PÂ <Â 0.05; Wilcoxon rank-sum test. ns, not significant.
Source Data


Extended Data Fig. 3 The microbiota compositions of centenarians, their lineal descendants and patients with IBD.
Faecal meta 16S rRNA gene sequencing of centenarians (CE, nÂ =Â 157), older participants (nÂ =Â 111), young participants (nÂ =Â 40), lineal relatives of centenarians (CE-L, nÂ =Â 22, 48-95 years old, average 74.7 years old), and patients with IBD (Crohnâ€™s disease; nÂ =Â 12, ulcerative colitis; nÂ =Â 91, 15-78 years old, average 49.0 years old) (all Japanese). a, PCoA plots based on unweighted UniFrac distance among faecal microbiome of centenarian (orange), older (blue), young (grey), CE-L (yellow), and IBD (red) groups. Note that the microbiota composition of centenarians was distinct from that of patients with IBD. b-e, Relative abundance of ASV (amplicon sequence variants) that are significantly enriched in centenarians (b); depleted in centenarians (c); commonly enriched in both centenarians and their lineal relatives (d); and commonly depleted or enriched in both centenarians and young participants (e). The closest species of ASVs were assigned using the National Center for Biotechnology Information Reference Sequence (NCBI RefSeq) database. Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001; **PÂ <Â 0.01; *PÂ <Â 0.05; Wilcoxon rank-sum test. ns, not significant. Each dot represents an individual.
Source Data


Extended Data Fig. 4 Faecal short-chain fatty acids and pH in centenarians.
a, GC-MS-based quantification of faecal short-chain fatty acids (SCFAs) from centenarian (CE,Â nÂ =Â 47, orange), older (nÂ =Â 31, blue), and young (nÂ =Â 23, grey) individuals. Faecal SCFAs are shown in Î¼mol/g wet weight faeces. b, c, Faecal ammonia/ammonium (b) and faecal pH levels (c) from individuals within each group. d, Correlation between the levels of secondary bile acids (LCA, 3-oxoLCA, isoLCA, alloLCA, 3-oxoalloLCA, and isoalloLCA) and pH. Each circle represents an individual. Spearmanâ€™s coefficient (r) and significance (P) were calculated separately for each group. There is significant positive correlation between pH and faecal alloLCA (PÂ =Â 0.0156), 3-oxoalloLCA (PÂ =Â 0.0237), and isoalloLCA (PÂ =Â 0.0034) in centenarians. In a-c, data are meanÂ Â±Â s.d. ***PÂ <Â 0.001; **PÂ <Â 0.01; *PÂ <Â 0.05; one-way ANOVA with Tukeyâ€™s test. ns, not significant.
Source Data


Extended Data Fig. 5 Quantification of faecal bile acids by age group.
Faecal bile acid composition of centenarian (CE,Â nÂ =Â 125, orange), older (nÂ =Â 107, blue), young (nÂ =Â 47, grey), and lineal relatives of centenarians (CE-L,Â nÂ =Â 18, yellow) were profiled and quantified by LC-MS/MS (Î¼mol/g wet weight faeces). In pilot studies, we found that 94 of 137 examined bile acids were minor components of centenariansâ€™ faeces (see Supplementary Table 3). We thus selected the remaining 43 bile acid compounds for follow-up quantitative analysis (see also Fig. 1a). a, Multi-dimensional scaling plot using Spearmanâ€™s correlation highlights differences among the four groupsâ€™ bile acid profiles. Each circle represents an individual participant from the indicated age group. PÂ =Â 4.27Â Ã—Â 10âˆ’9 for CE versus older; PÂ =Â 2.72Â Ã—Â 10âˆ’12 for CE versus young; PÂ =Â 4.18Â Ã—Â 10âˆ’6 for CE versus CE-L; PÂ =Â 0.00123 for older versus young; Wilcoxon rank-sum test. b, c, Average ratio of total primary versus secondary (b) and CA- versus CDCA-derived bile acids (c). d, Sum of conjugated and unconjugated bile acids. e, Concentration of each individual bile acid. InÂ d, e, each circle represents an individual. Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001; **PÂ <Â 0.01; *PÂ <Â 0.05; one-way ANOVA with Tukeyâ€™s test. ns, not significant. Faecal bile acids are shown in Î¼mol/g wet weight faeces. f, Distribution of participantsâ€™ faecal isoalloLCA concentrations. The median faecal isoalloLCA concentration in centenarians was 19.5 Î¼M, meaning that 63 centenarian samples among 125 (50.4%) had >19.5 Î¼M isoalloLCA. In contrast, only 17 older (15.9%) and 3 young (7.7%) participants were found to have >19.5 Î¼M isoalloLCA.
Source Data


Extended Data Fig. 6 Predicted bile acid biosynthesis by gut microorganisms.
a, Biosynthetic pathway of secondary bile acids metabolized by the gut microbiota from primary bile acid chenodeoxycholic acid (CDCA). Responsible enzymes are indicated within boxes. The glycine or taurine conjugated primary bile acids are deconjugated (not depicted) and biotransformed into a variety of secondary bile acids by the gut microbiota. The predominant biotransformation is 7Î±-dehydroxylation of CDCA by bai operon genes, thereby converting it into lithocholic acid (LCA). In addition, bile acids can undergo oxidation and epimerization to generate oxo- (keto-), iso- (3Î²-hydroxy-), allo- (5Î±-H-), as well as cis- (indicated in a blue box) and trans-forms (indicated in a pink box). Brackets indicate predicted pathways to allo-form LCA production. Chemical structures are simplified by depicting only A and B steroid rings. b, 3-Oxo-Î”4-LCA (also termed 3-oxo-4,5-dehydro-LCA) and 3-oxoalloLCA are structurally similar to testosterone and 5Î±-dihydrotestosterone (DHT), respectively. Both DHT and 3-oxoalloLCA have A and B steroid rings in a planar (trans) conformation (indicated in a pink box). We predicted that alloLCA and isoalloLCA might be generated from 3-oxo-Î”4-LCA by the sequential action of a 5Î±-reductase (5AR) homologue and 3Î±-HSDH (for alloLCA) or 3Î²-HSDH (for isoalloLCA), through a 3-oxoalloLCA intermediate (see a), analogous to the 5AR-mediated conversion of testosterone into DHT by hydrogenating across the C4-C5 double bond, thereby forcing the A and B steroid rings into a planar conformation. c, Biosynthetic pathway of DCA and related bile acids by the gut microbiota based on ref. 11. 3-OxoDCA can be generated from 3-oxo-Î”4-DCA by hydrogenation across the C4-C5 double bond such that the C5 hydrogen is in the Î² position. This reaction is mediated by a 3-oxo-5Î²-steroid 4-dehydrogenase (also termed 5Î²-reductase, 5BR) encoded by the BaiCD gene. We predicted that LCA and isoLCA might be generated from 3-oxo-Î”4-LCA by the sequential action of a 5BR homologue and 3Î±-HSDH (for LCA) or 3Î²-HSDH (for isoLCA), through a 3-oxoLCA intermediate (see panel a), mirroring the previously characterized conversion of 3-oxoDCA to DCA or isoDCA. InÂ aâ€“c, dashed-wedged lines indicate Î±-positions of -H and -OH groups, while bold-wedged lines indicate Î²-positions.


Extended Data Fig. 7 Identification of bile acid-metabolizing bacterial strains isolated from the microbiota of a centenarian.
In vitro bile acid metabolism by 68 CE91-derived isolates using 50 Î¼M of CDCA (a), LCA (b), and 3-oxo-Î”4-LCA (c) as starting substrates in pH 9-adjusted media. Data was obtained by LC-MS/MS analysis of 48 h culture supernatants. A list of the 68 isolated strains is shown in the left panel. The closest species to each isolate was identified based on 16S rRNA sequence similarity to the National Center for Biotechnology Information Reference Sequence (NCBI RefSeq) database. Graphs with red backgrounds indicate trans-bile acids and blue backgrounds indicate cis-bile acids. Bile acid profiles after culturing in pH 7-adjusted media are shown in Supplementary Fig. 1. a, Incubation with CDCA did not result in production of target bile acids in any of the cultures, though C. scindens strains 59-60 (St59-60) and C. hylemonae St63 were able to produce LCA, albeit at low levels. b, When cultured with LCA, Gordonibacter pamelaeae St32 and E. lenta St33-35 were found to produce 3-oxoLCA and isoLCA, implying carriage of 3Î±-HSDH and 3Î²-HSDH as predicted in a previous study11. In addition, Raoulibacter timonensis St30-31 and Lachnospiraceae spp. St57 were also capable of transforming LCA into 3-oxoLCA, suggesting their possession of 3Î±-HSDH, similar to E. lenta. c, When 3-oxo-Î”4-LCA was used as a substrate, 3-oxoLCA accumulated to high levels in the supernatants of H. hathewayi St54-55 and Lachnospiraceae spp. St62 cultures, suggesting their carriage of 5BR. Similarly, isoLCA was generated from 3-oxo-Î”4-LCA at high levels in C. innocuum St51 and Lachnospiraceae spp. St58 cultures, suggesting carriage of 5BR and 3Î²-HSDH. It is noteworthy that P. distasonis St4-5 converted LCA to 3-oxoLCA and further to 3-oxo-Î”4-LCA, as well as 3-oxo-Î”4-LCA to isoLCA and LCA, suggesting that these strains possess 3Î±-HSDH, 3Î²-HSDH, and 5BR. Data are mean + s.d. of duplicate samplesÂ and representativeÂ of two independent experiments.
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Extended Data Fig. 8 Elucidated biosynthetic pathway of secondary bile acids.
a, Elucidated biosynthetic pathway of secondary bile acids metabolized by CE91-derived bacterial strains. Colour-coded lines indicate in vitro identified metabolic capabilities of each strain. Responsible enzymes are indicated within boxes. Chemical structures are simplified by depicting only A and B steroid rings. b, The genome sequences of 68 isolates from a centenarian (CE91) were determined using PacBio Sequel and Illumina MiSeq sequencers. The gene prediction and annotation of the generated contigs were performed using the Rapid Annotations using Subsystem Technology (RAST) server. Gene clusters containing 5AR (magenta), 5BR (blue), 3Î²-HSDH-I (green), and 3Î²-HSDH-II (purple) homologues identified in 23 Bacteroidales strains are shown. Note that the gene clusters containing 5AR, 5BR, 3Î²-HSDH-I and 3Î²-HSDH-II homologues are present in close proximity to genes annotated with tricarboxylic acid (TCA) cycle-related functions (beige) and transporter/efflux system membrane fusion proteins (yellow). Gene homologues are defined as similarity of <1Â Ã—Â 10âˆ’12 E-value, >30% sequence identity, and >60% query coverage. Arrows represent coding sequences and annotated functions are colour-coded accordingly. Scale bar is 2kb. Note that 3Î±-HSDH homologue is not present in any of the 5AR clusters.


Extended Data Fig. 9 Metabolism of LCA-related compounds by Bacteroidales strains and cooperative isoalloLCA production.
a-c, Bacteroidales strains were cultured with 3-oxoalloLCA (a), 3-oxoLCA (b), or isoLCA (c) at a final concentration of 50 Î¼M in pH 9-adjusted WCA medium. There was substantial substrate specificity and strain-to-strain variation in transformation efficiency. For instance, P. merdae St3, P. distasonis St4â€“5, and Odoribacteraceae St21 exhibited strong 3Î²-HSDH activity, reflected by both high isoalloLCA production from 3-oxoalloLCA (a) and isoLCA production from 3-oxoLCA (b), whereas other strains showed less efficient biotransformation or substrate specificity despite carriage of putative 3Î²-HSDH genes. The strength of 5BR activity also differed among the strains: P. merdae St3, P. distasonis St4â€“5, B. dorei St6â€“7, and B. uniformis St10-13 effectively transformed 3-oxoLCA to 3-oxo-Î”4-LCA (and further to 3-oxoalloLCA by 5AR), while other strains displayed moderate to weak activity (b). Porphyromonas somerae St14 lacked a putative 3Î²-HSDH gene but was able to generate isoalloLCA from 3-oxoalloLCA nonetheless (a), suggesting that it carries a strain-specific gene with 3Î²-HSDH activity. d, Co-culture of P. merdae St3 or Odoribacteraceae St21 (5BR, 5AR, and 3Î²-HSDH encoders) with E. lenta St34 (top, green, a 3Î±-HSDH and 3Î²-HSDH encoder), or P. distasonis St4 (bottom, yellow, a 3Î±-HSDH, 3Î²-HSDH, and 5BR encoder) supplemented with 50 Î¼M LCA in pH 9-adjusted WCA medium. Notably, co-culture of P. merdae St3 and E. lenta St34 with LCA resulted in generation of alloLCA in addition to isoalloLCA. e, Different combinations of P. merdae St3, Odoribacteraceae St21, or C. scindens St59 (a bai operon encoder capable of converting CDCA to LCA) co-cultured with E. lenta St34 (top) or P. distasonis St4 (bottom)Â in the presence of 50 Î¼M CDCA. InÂ aâ€“e, the presence of genes homologous to 5AR, 5BR, 3Î²-HSDH-I, 3Î²-HSDH-II, 3Î±-HSDH, or the bai operon in corresponding combinations of strains are indicated as grey boxes within the adjacent charts. Note that the bai operon in C. scindens contains 5BR and 3Î±-HSDH genes. Culture supernatants were collected after 48 h of anaerobic incubation at 37â€‰Â°C for LC-MS/MS quantification. Data are mean + s.d. of duplicate samplesÂ and representativeÂ of two independent experiments.
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Extended Data Fig. 10 IsoalloLCA inhibits Gram-positive pathogens.
a, b, Gram-positive (upper) and -negative (lower) pathogens were incubated with varying concentrations of the indicated bile acids under anaerobic conditions at 37â€‰Â°C in WCA medium until each strain reached stationary growth phase in the control medium (5-75 h). Bacterial growth was determined by OD600 measurement. Maximum growth densities (a) and growth curves (b) of pathogens in varying concentrations of bile acids are shown. Data are meanÂ Â±Â s.d. (error bars shown with fill area). c, MIC90 value (minimal inhibitory concentration required to prevent 90% growth) of isoalloLCA for each pathogenic strain was determined by serially diluting the compound and incubating each dilution with the pathogen. Shaded area indicates isoalloLCA concentrations with growth inhibitory effects, and MIC90 is reported inside the shaded box. Data are meanÂ Â±Â s.d. of duplicate samplesÂ and are representative of two independent experiments. d, In vitro growth inhibition of C. difficile 630 and vancomycin-resistant E. faecium (VRE) by co-culturing with CE91-derived isolates in the presence or absence of 12.5 Î¼M 3-oxo-Î”4-LCA in WCA medium. Average CFU of overnight cultures are shown (nÂ =Â 6). Data are meanÂ Â±Â s.d.Â and are representative of two independent experiments. ***PÂ <Â 0.001; Mannâ€“Whitney test (two-tailed) with Welchâ€™s correction. ns, not significant.
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Extended Data Fig. 11 In vivo suppression of faecal C. difficile shedding in Cyp2a12âˆ’/âˆ’Cyp2c70âˆ’/âˆ’ mice.
a, b, Faecal and plasma concentrations of isoalloLCA (a) and plasma analytes (b) from SPF C57BL/6N mice after 14 days on an 0.01%, 0.05%, or 0.1% (w/w) isoalloLCA-containing diet. Plasma analytes from each animal: albumin; aspartate aminotransferase (AST); alanine transaminase (ALT); lactate dehydrogenase (LDH); total bilirubin; cholinesterase; total cholesterol; and total protein. Data are meanÂ Â±Â s.d.; nÂ =Â 3 each; ***PÂ <Â 0.001; **PÂ <Â 0.01; *PÂ <Â 0.05; one-way ANOVA with Tukeyâ€™s test. ns, not significant. c, SPF C57BL/6N mice were pretreated with cefoperazone through the drinking water during the period from 7 to 2 days before inoculation and then infected with C. difficile 630 by oral gavage on day 0. The mice were subsequently placed on an 0.1% isoalloLCA-containing diet from dayÂ 1 to dayÂ 3 after infection (p.i.) (nÂ =Â 17-18 animals each). Faecal C. difficile CFUs and isoalloLCA levels throughout the course of infection were determined. Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001; Mannâ€“Whitney test (two-tailed) with Welchâ€™s correction. d, Simplified pathway of bile acid metabolism in rodents. In rodentsâ€™ livers, CDCA is immediately hydroxylated at the 6Î²-position to generate muricholic acids (Î±- and Î²-muricholic acids (MCAs)) by CYP2C70, and as such we employed a Cyp2c70âˆ’/âˆ’ mouse model. As resulting excessive CDCA causes hepatotoxicity in Cyp2c70âˆ’/âˆ’ mice, we cross-bred Cyp2c70âˆ’/âˆ’ mice with Cyp2a12âˆ’/âˆ’ mice lacking 7Î±-rehydroxylation capacity to minimize liver injury. e-g, Faecal bile acids of SPF wild-type C57BL/6N mice (WT) and Cyp2a12âˆ’/âˆ’Cyp2c70âˆ’/âˆ’ double-knockout (CypDKO) mice (nÂ =Â 3 each) were quantified by LC-MS/MS (Î¼mol/g wet weight faeces). The percent of each bile acid among total faecal bile acids from each mouse was calculated (e). Note that Cyp2a12âˆ’/âˆ’Cyp2c70âˆ’/âˆ’ double-knockout mice showed elevated levels of LCA and related bile acids. Amount of total faecal bile acids (f) and each bile acid (g) from each mouse. Data are meanÂ Â±Â s.d. ***PÂ <Â 0.001; **PÂ <Â 0.01; *PÂ <Â 0.05; one-way ANOVA with Tukeyâ€™s test. ns, not significant. Each dot represents an individual.
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Extended Data Fig. 12 MIC90 of isoalloLCA against gut commensals in WCA and BHI media.
a, Growth inhibitory effect of isoalloLCA on gut commensals in WCA medium. Gram-positive and Gram-negative commensal isolates were selected from our culture collection and incubated anaerobically at 37â€‰Â°C with the indicated concentrations of isoalloLCA. Bacterial growth was determined by OD600 measurement. Each strain was cultured until it reached stationary growth phase in the control medium (7-48 h). Shaded area indicates isoalloLCA concentrations with growth inhibitory effects. MIC90 is shown inside the shaded box. b, MIC90 of isoalloLCA against Gram-positive and Gram-negative commensals in WCA and BHI media. c, Representative scanning electron microscopy images of C. difficile 630, C. sporogenes, C. indolis and Clostridium HGF2 (innocuum) grown in control or 2.5 Î¼M isoalloLCA-containing WCA medium for 5 h. The right panels show the corresponding high-resolution images. Scale bars are 5.0 Î¼m and 1.0 Î¼m. Arrows indicate morphological alterations after isoalloLCA treatment. d, The differences in growth inhibitory effect of isoalloLCA between WCA and BHI medium on C. difficile 630, E. faecium (VRE), S. dysgalactiae subsp. equisimilis (SDSE), C. symbiosum, C. scindens and Clostridium HGF2 (innocuum).Â Data in a, d are mean Â± s.d. from duplicate samples and are representative of two independent experiments.
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Extended Data Fig. 13 The effects of isoalloLCA on the complex gut microbiota.
a, b, fâ€“h, Human faecal samples from healthy young donors (a, b) and patients with C. difficile infection (CDI) (fâ€“h) were incubated for 48 h in modified WCA medium supplemented with 3-oxoLCA, LCA, or isoalloLCA (50 Î¼M). Shannon index of diversity (a and c) and a compositional shift in the microbiome at the genus level (b and g) of faecal cultures after secondary bile acid treatment. Each dot in a and f represents a single donorâ€™s faecal culture. ns, not significant by Kruskalâ€“Wallis with Dunnâ€™s test. Although Î±-diversity was not significantly affected, isoalloLCA induced broad changes in microbial community structure, with a significant alteration in the ratio of Gram-negative to Gram-positive bacteria. C. difficile CFUs in each CDI microbiota pre- or post- 48 h incubation with medium or secondary bile acids were determined (h). Data are meanÂ Â±Â s.d. of duplicate samples. **PÂ <Â 0.01; *PÂ <Â 0.05; Unpaired t-test. ns, not significant. câ€“e, Correlation between the levels of faecal isoalloLCA and gut MSPs in centenarian (CE,Â nÂ =Â 119, orange), older (nÂ =Â 107, blue), and young (nÂ =Â 39, grey) participants. Spearmanâ€™s coefficient (r) and significance (P) for msp_103 A. putredinis and msp_095 O. laneus (both 5AR and 3Î²-HSDH encoders) (c), combined Streptococcus signal (d), and Streptococcus species (e). Each dot represents an individual. Several Streptococcus spp. showed a negative association with isoalloLCA concentration in our cohort.
Source Data


Extended Data Fig. 14 Associations between species encoding cluster V1, V2 or V3, or non-encoders with secondary bile acids.
a, Relative abundance of gut MSPs categorized into clusters V1, V2, and V3 from the assembled gut metagenomes of centenarian (CE,Â nÂ =Â 119, orange), older (nÂ =Â 107, blue), and young (nÂ =Â 39, grey) groups. b, c, Spearmanâ€™s coefficient (r) and significance (P) between faecal bile acid level and summed relative abundance of cluster V1-, V2-, or V3-encoding species (b) and ratio of species encoding clusters V1 and V3 versus V2 from assembled gut metagenomes (c). Each dot represents an individual. d, Spearman correlation coefficient (r) for each bile acid against species encoding cluster V1, V2, or V3, or non-encoders. Non-encoders that correlate strongly with bile acid concentration are indicated within a grey circle, and the species are listed.
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Extended Data Fig. 15 Stratification into microbial community types with respective microbiome characteristics.
a, Principal coordinate analysis of three microbial community types (1, 2, and 3) stratified using Dirichlet Multinomial Mixtures from the gut microbiomes of centenarian [CE,Â nÂ =Â 176 (153 individuals)], older (nÂ =Â 110), and young (nÂ =Â 44) individuals. b, c, Relative abundances across phyla (b) and top differentially abundant species from each phylum (c) from the assembled gut metagenomes in each community type. Community type 1 is characterized by a high relative abundance of Firmicutes (for example, Oscillibacter spp.) and Proteobacteria (for example, Desulfovibrio spp.), whereas community type 2 exhibits relative enrichment of Actinobacteria and depletion of Proteobacteria. Community type 3 is structurally similar to type 1, but exhibits a higher abundance of Verrucomicrobia (for example, Akkermansia spp.) and Euryarchaeota (for example, Methanobrevibacter spp.). d, Species harbouring gene clusters V1, V2, and V3 from the assembled gut metagenomes in each community type. Each dot in c and d represents an individual from the centenarian (orange), older (blue), or young (grey) groups. Horizontal lines indicate the median; box boundaries indicate interquartile range (IQR); whiskers represent values within 1.5 x IQR of the first and third quartiles. Asterisks indicate significantly different abundance in the specified comparison at FDR PÂ <Â 0.05 based on a Wilcoxon rank-sum test. ns, not significant. e, Longitudinal change in faecal bile acid composition from the same individual over the course of 1-2 years. Upper numbers indicate collection interval (days). Faecal bile acids were quantified by LC-MS/MS (Î¼mol/g wet weight faeces), and the percent of each bile acid among total faecal bile acids in each sample was calculated. f, Stability of microbial community type (1, 2, and 3) in each individual over time.
Source Data





Supplementary information
Supplementary Information
This file contains Supplementary Figures 1-4, Supplementary Tables 1, 5, 8, 9, and legends for Supplementary Tables 2, 3, 4, 6 and 7.


Reporting Summary

Supplementary Table 2
Quantification of 16 faecal fatty acids by GC-MS.


Supplementary Table 3
A list of 137 bile acid compounds used in this study.


Supplementary Table 4
Genome and 16S rRNA gene sequencing data of 68 CE91-derived isolates.


Supplementary Table 6
Detailed LC-MS/MS setting for in vivo samples (48 bile acid compounds) using SCIEX Triple Quadâ„¢ 6500+ LC-MS/MS system.


Supplementary Table 7
Detailed LC-MS/MS setting for in vitro samples (14 bile acid compounds) using Shimadzu LCMS-8040 system.





Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 7

Source Data Extended Data Fig. 9

Source Data Extended Data Fig. 10

Source Data Extended Data Fig. 11

Source Data Extended Data Fig. 12

Source Data Extended Data Fig. 13

Source Data Extended Data Fig. 14

Source Data Extended Data Fig. 15




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Sato, Y., Atarashi, K., Plichta, D.R. et al. Novel bile acid biosynthetic pathways are enriched in the microbiome of centenarians.
                    Nature 599, 458â€“464 (2021). https://doi.org/10.1038/s41586-021-03832-5
Download citation
	Received: 24 November 2020

	Accepted: 16 July 2021

	Published: 29 July 2021

	Issue Date: 18 November 2021

	DOI: https://doi.org/10.1038/s41586-021-03832-5


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Intestinal metabolites predict treatment resistance of patients with depression and anxiety
                                    
                                

                            
                                
                                    	Juntaro Matsuzaki
	Shunya Kurokawa
	Yoshimasa Saito


                                
                                Gut Pathogens (2024)

                            
	
                            
                                
                                    
                                        The gut-liver axis in hepatobiliary diseases
                                    
                                

                            
                                
                                    	Masataka Ichikawa
	Haruka Okada
	Takanori Kanai


                                
                                Inflammation and Regeneration (2024)

                            
	
                            
                                
                                    
                                        Effects of bathing in different hot spring types on Japanese gut microbiota
                                    
                                

                            
                                
                                    	Midori Takeda
	Jungmi Choi
	Shunsuke Managi


                                
                                Scientific Reports (2024)

                            
	
                            
                                
                                    
                                        Another renaissance for bile acid gastrointestinal microbiology
                                    
                                

                            
                                
                                    	Jason M. Ridlon
	H. Rex Gaskins


                                
                                Nature Reviews Gastroenterology & Hepatology (2024)

                            
	
                            
                                
                                    
                                        Intestinal microbiome and maternal mental health: preventing parental stress and enhancing resilience in mothers
                                    
                                

                            
                                
                                    	Michiko Matsunaga
	Mariko Takeuchi
	Masako Myowa


                                
                                Communications Biology (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Chemical Biology of Microbiomes
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Role of bile acids and gut bacteria in healthy ageing of centenarians
                

                
	Bipin Rimal
	Andrew D. Patterson



                
    
        
            Nature
        
        News & Views
        
        
            06 Oct 2021
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








