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Extended Data Fig. 1 | Microbiome and metabolome diversity in germ-free
and SPF mice. a, Principal coordinate (PC) analysis of microbiome and massspectrometry data highlighted by sample source as germ-free (GF) or SPF
(n = 4 mice in each group). The microbial signatures from the germ-free mice
are an important control, which represents background reads found in buffers,
tips and tubes and other experimental materials. b, Data from a highlighted by
organ source (n = 4 mice in each group). c, Bray–Curtis dissimilarities of the
metabolome data collected from mouse organs. The dissimilarities are
calculated within individual mice of the same group (germ-free or SPF, ‘within’)
or across the germ-free and SPF groups (‘GF-SPF’) (n = 4 mice in each group).
Only samples collected from exact same location (subsection) are compared.
Significance was tested with a two-sided Mann–Whitney U-test. Boxes

represent the interquartile range (IQR), the notch is the 95% confidence
interval of the mean, the centre is the median and whiskers are 1.5× the IQR.
d, Microbiome profile of the gastrointestinal tracts of SPF mice. Data were
generated by sequencing 16S rRNA gene amplicons from each organ and organ
section, and analysed through the Qiita Deblur pipeline as described in the
Supplementary Methods. Bacterial taxa of relevance are colour-coded
according to the legend. e, Molecular network of LC–MS/MS data with nodes
coloured by source as germ-free, SPF, shared or detected in blanks. Molecular
families with metabolites annotated by spectral matching in GNPS are listed by
a number that corresponds to the molecular family. These are level-2 or -3
annotations according to the metabolomics standards consortium16.
12-OAHSA, 12-(9Z-octadecenoyloxy)-octadecanoic acid.

Extended Data Fig. 2 | Microbial metabolism of soyasaponins in
metabolomics data from germ-free and SPF mice. n = 4 mice in each group.
a, Molecular network cluster of soyasaponins, coloured by source of each node
as germ-free, SPF or shared. Structures of corresponding molecules are shown
in nodes highlighted in yellow, according to the numbering scheme. Mean
total-ion-current-normalized abundance of each soyasaponin metabolite from
the gastrointestinal tracts of germ-free and SPF mice. Ce, caecum; co, colon; D,
duodenum; I, ileum; J, jejunum; stl, stool; sto, stomach. Boxes represent the
IQR, the centre is the median and whiskers are 1.5× the IQR. n = 4 mice in each
group. b, Molecular family of soyasapogenols, their structures and relative
abundances in gut organs of germ-free and SPF mice (data are in the same

format as in a). c, Three-dimesional model visualization (generated using ’ili) of
the normalized abundance of soyasaponin I in the mouse gastrointestinal
tract. The abundance of the metabolite is indicated according to the rainbow
spectrum (high, red; low, blue). n = 4 mice in each group. d, Three-dimensional
cartography (generated using ’ili) of the normalized abundance of
soyasapogenol B onto an magnetic resonance imaging organ model of
the mice. e, Mean normalized abundance of soyasaponin I through all
gastrointestinal sample locations in the germ-free and SPF mice. f, Mean
normalized abundance of soyasapogenol through all gastrointestinal
sample locations. The annotations are level two or three16.
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Extended Data Fig. 3 | Microbial metabolism of plant isoflavones in
metabolomics data from germ-free and SPF mice. a, Structures, molecular
network and total-ion-chromatogram-normalized abundance of glycone
isoflavanoids in the mouse gastrointestinal tract. Nodes are coloured
according to their source in germ-free or SPF mice (n = 4 mice each), and known
library hits are shaped as arrowheads. Boxes represent the IQR, the centre is the
median and whiskers are 1.5× the IQR. b, Same information as in a, for the

aglycones. c, Three-dimensional molecular cartography mapping the
abundance of the daidzein and glycitein glycone and sulfated forms through
entire 3D mouse model. The normalized abundance of a particular molecule is
indicated as a heat map. Red, most abundant; blue, least abundant. d, Threedimesional molecular cartography mapping the abundance of the daidzein and
glycitein aglycone forms through entire 3D mouse model. The gastrointestinaltract model is inset for reference. The annotations are level two or three16.

Extended Data Fig. 4 | Microbial metabolism of known bile acids in
metabolomics data from germ-free and SPF mice. n = 4 mice in each group.
a, Total-ion-chromatogram-normalized abundance of taurocholic acid and
secondary bile acids in gastrointestinal tract samples from germ-free and SPF
mice. Gall, gall bladder; liv, liver. Boxes represent the IQR, the centre is the
median and whiskers are 1.5× the IQR. b, Three-dimesional molecular

cartography mapping the abundance of the same bile acids as in a through the
mouse gastrointestinal-tract model; liver is separated for better visualization.
The normalized abundance of a particular molecule is indicated as a heat map.
Red, most abundant; blue, least abundance. The annotations are level two or
three16.
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Extended Data Fig. 5 | Mass spectrometry analysis of newly identified
conjugated bile acids. a, Extracted-ion-chromatogram MS1 traces of Tyr-chol
(m/z 572.37 ± 0.05 Da), Phe-chol (m/z 556.37 ± 0.05 Da) and Leu-chol (m/z
522.37 ± 0.05 Da). Experiments were performed four times. b, Extracted ion
chromatograms for the synthetic muricholic and cholic acid versions of the
Phe (m/z 556.37 ± 0.05), Tyr (572.37 ± 0.05) and Leu (522.37 ± 0.05) conjugates,
showing the different retention times from the muricholic- and cholic-acid
forms. c, Retention time alignments of synthetic muricholic- and cholic-acid
conjugates with the newly identified conjugates found in a sample from the

jejunum of a colonized mouse. The isoleucocholic- and leucocholic-acid
analysis was run on a long-gradient high-performance liquid-chromatography
column to separate isomeric Ile and Leu conjugates, and to compare to those
detected in vivo. d, Annotation of MS/MS fragmentation patterns for the three
conjugated bile acids and GCA. Structures of the immonium ions from amino
acid fragmentation, whole amino acid fragments and the major sterol fragment
are shown. Loss of the amino acid mass on the bile-acid steroid backbone is also
highlighted.

Extended Data Fig. 6 | See next page for caption.

Article
Extended Data Fig. 6 | Distribution and metabolism of newly identified
conjugated bile acids. a, Molecular network of MS/MS data from synthesized
amino acid conjugated bile acids and the duodenum of SPF mice. LC–MS/MS
data from synthetic standards were networked with mouse samples and
spectral matching. Molecular networking is indicated by node colouring.
Mirror plots show the alignment between the mouse and the synthetic
standards. Nodes shaped as arrowheads had hits in the GNPS libraries, and
node size is scaled to the spectral count. Tauro, taurocholic acid. These
experiments were performed twice. b, Three-dimensional molecular
cartography of the mean abundance of the newly discovered conjugates
mapped onto a 3D-rendered model of the mouse gastrointestinal tract, as a
heat map according to the colour scale. Organs are labelled as described in
Fig. 1. c, Molecular network of conjugated bile acids from portal and peripheral
blood of germ-free and SPF mice. Nodes are coloured by source as germ-free
portal, germ-free portal and peripheral blood, SPF portal and peripheral blood,
GF portal and peripheral blood and SPF peripheral blood, and all. Arrowhead

nodes represent known compounds in the GNPS spectral database; circular
nodes represent unknown compounds. The annotations were obtained
through spectral matches against reference libraries (level two or three16).
d, Mean area-under-the-curve abundance and s.d. of bile acids of interest
during incubation with an actively growing batch human faecal culture for 24 h
(n = 3 independent incubations). e, Molecular network of newly identified
conjugated bile acids after incubation in a human faecal batch culture
experiment. Each node represents a unique tandem mass spectrum;
arrowhead-shaped nodes indicate known spectra in the GNPS database. The
nodes are coloured by their retention time according to the legend, and the
mass shifts between nodes are mapped onto the edge representing the cosine
connection between related spectra. The H2 mass shift representing oxidation
of the newly identified conjugates is shown. f, Mean ion intensity and s.d. of the
oxidized forms of Phe-chol, Tyr-chol and Leu-chol through the 24-h batch
faecal culture incubation (n = 3 independent incubations).

Extended Data Fig. 7 | MASST search results and associations of newly
identified conjugated bile acids with high-fat diet. a, Proportion of samples
in which Phe-chol, Tyr-chol and Leu-chol were found from a single-spectrum
MASST search of publicly available data on GNPS. Massive dataset identifers
are shown for each dataset, are divided into mouse (‘murine’) or human
gastrointestinal samples. b, Box plots of the newly identified conjugates in a
previously published mouse study, in which mice were fed high-fat diet (HFD)
(n = 14 mice) or normal chow (NC) (n = 19 mice) (Gly, P = 0.72; Phe, P = 0.038; Tyr,
P = 0.083; Leu P = 9.4 × 10 −5) and dot plot of mice treated with (n = 27 mice) or
without antibiotics (Ab) (n = 415 mice)29. Boxes represent the IQR, the line is the
median and whiskers are 1.5× the IQR. Colour legend applies to both a and b.
c, Mean normalized abundance of the three newly identified conjugated bile

acids compared to taurocholic acid in mice (Apoe-knockout on a C57BL/6J
background) fed either a high-fat diet (n = 12 mice) or normal chow (n = 12 mice)
for 10 weeks. Faecal samples were collected and extracted in 50:50
methanol:water and analysed with LC–MS/MS metabolomics, as described in
the Supplementary Methods. The s.d. around the mean is shown, and
significance between a high-fat diet and normal chow at each time point is
tested with two-sided Student’s t-test. ***P < 0.001. d, Correlations between
rarefied reads of a deblurred read assigned to a Clostridium sp. from
atherosclerosis-prone mice fed a high-fat diet over time (n = 12 mice).
The line of best fit is plotted using the lm method in the R statistical software;
grey area around the line of best fit is the 95% confidence interval.
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Extended Data Fig. 8 | Synthesis of newly identified conjugated bile acids by
Clostridium. a, Dot plot of the measured production of Phe-chol and Tyr-chol
using a targeted liquid chromatography–mass spectrometry method for two
C. bolteae strains grown in faecal culture medium (FCM) with or without
labelled Phe (n = 2 independent cultures). b, The mean ratio and s.e.m. of
13
C-Phe-chol:12C-phe-chol from the same C. bolteae strains when grown with
faecal culture medium with 13C-labelled phenylalanine (bottom left)

(n = 2 cultures). c, Mean and s.d. of the Shannon index of human faecal batch
culture (n = 3 cultures) before and after 24-h growth exposed to conjugated
bile acids or a mock control. NS, not significant by Mann–Whitney U-test.
d, Box-and-whisker plots of concentration of Phe-chol and Tyr-chol in original
samples from the gut of SPF mice. Boxes represent the IQR, the centre is the
median and whiskers are 1.5× the IQR. n = 4 mice.

Extended Data Fig. 9 | Effect of newly identified bile acids on FXR. a, Mean
normalized luciferase activity as a readout of human FXR stimulation when
exposed to various conjugated and unconjugated bile acids, as a function of
the compound dose. n = 8 measurements, ± s.e.m. DCA, deoxycholic acid;
CDCA, chenodeoxycholic acid; T-βMCA, tauro-β-muricholic acid. b, Ileum

mean fold expression change compared to 36B4 control of various bile acids
after gavage in mice. Error bars are s.e.m. c, Liver fold expression change
compared to 36B4 control of various bile acids after gavage in mice.
Significance was tested with two-tailed t-test compared to the mock
corn-oil control. Error bars are s.e.m.
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