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Interactions between diet and the gut microbiota are fundamental to metabolic
health, shaping energy balance and disease susceptibility'>. However, the underlying
mechanisms by which dietary and microbial factors converge to regulate host
physiology remain unclear. Here we show that protein availability profoundly
modulates the functional landscape of the gut microbiota and promotes remodelling
of white adipose tissue (WAT). Specifically, low-protein diets (LPDs) robustly induce
signature genes of browning in WAT to asimilar extent to that seenin response to
classical stimuli, such as cold exposure or 3-adrenergic receptor activation® s, LPD-
mediated browning was markedly diminished in germ-free mice, and this defect was
rescued by colonization with defined bacterial consortia made up of strains that were
isolated and down-selected from the faeces of either LPD-fed mice or healthy human
volunteers with *®F-fluorodeoxyglucose positron emission tomography (FDG-PET)-
confirmed brown- or beige-fat activity’ . Microbiota-induced browning was mediated
both by bile acids driving the activation of the farnesoid X receptor (FXR) in adipose
progenitor cells, and by nrfA-encoding commensal-derived ammoniadriving the
expression of fibroblast growth factor 21 (FGF21) in hepatocytes. The bile acid-FXR
and ammonia-FGF21 axes both have non-redundant, essential roles in promoting
WAT browning. These findings highlight amechanistic link between diet, gut microbial
metabolism and adipose tissue remodelling, uncovering microbiota-dependent
pathways by which the host responds to dietary cues.

Dietisafundamental regulator of host physiology, influencing metabo-
lism, immunity and susceptibility to a wide range of diseases'. The
gut microbiota has emerged as a key mediator of dietary effects,
contributing to interindividual variation in the nature, direction
and magnitude of responses to nutritional and molecular inputs® ™%,
Amongthe many physiological processes that are influenced by diet-
microbiotainteractions, regulation of adipose tissue remodelling has
emerged asanintriguing yet poorly characterized area. Unlike brown
adiposetissue (BAT), whichis enriched in mitochondriaand expresses

thermogenic proteins, such as uncoupling protein 1 (UCP1), WAT
stores excess energy. However, notably, WAT retains considerable
plasticity and can acquire brown-fat-like properties under specific
conditions, such as cold exposure and catecholamine stimulation. This
process, termed browning or beiging, gives rise to cells characterized
by enhanced mitochondrial biogenesis and expression of thermo-
genicand lipid-oxidation-related genes®'*'8, Several dietary interven-
tions—including caloricrestriction, ketogenic diets and deprivation of
methionine, leucine or cysteine—have been reported to activate BAT
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Fig.1|LPDsinduce browninginamicrobiota-dependent manner. a, SPF B6
male mice were fed diets with varying proportions of protein, carbohydrate
(carb) and fat for 6 weeks. Ucpl mRNA expression in iWAT, normalized to Ppib,
isshown together with each diet’s macronutrient composition. The left and
right panels represent twoindependent experiments. b-e, Relative UcpI mRNA
expressioniniWAT in mice that were fed isocaloric diets containing the indicated
protein concentrations for 6 weeks (b), a7% LPD for the indicated durations (c),
diets containing defined amino acids with varying total amino acid contents
for 6 weeks (d) or diets containing 20% or 2.5% total amino acids (AAs), or with
either EAAsor NEAAsreducedto2.5%, for 6 weeks (e). f, SPF mice werefed a
control diet (CD) oran LPD for 6 weeks and, during the final week, either received
daily intraperitoneal injections of a 3;-adrenergic receptor (f;AR) agonist

andinduce WAT browning®?*, The gut microbiotais thoughttohave a
rolein mediating these responses, potentially through the production
of bioactive metabolites and immunomodulatory effects?®*°, However,
which members of the microbiota are involved in particular dietary
contexts, and how diet-microbiota interactions are translated into
signals that drive beige-fat biogenesis, remain poorly defined. In this
study, we identify two orthogonal pathways that link low proteinintake,
specific microbial metabolic activity and host signalling networks to
promote WAT browning.

LPDs promote WAT browning

We first examined the effects of dietary modifications on WAT
browning by formulating diets with varying proportions of protein,
carbohydrate and fat. Although changes in fat content affected the
total calorie count, all other diets were designed to be isocaloric.
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(20 pg per mouse per day) or were exposed to cold (6 °C). g-k, SPF and GF

mice were fedaCD or an LPD for 6 weeks. Ucpl, Elovi3 and Cox7al expression
iniWAT (g), representative haematoxylin and eosin (H&E)-stained sections (h),
body-weight change (i) and iWAT mass (j) are shown. Scale bars, 50 pm (h).

k, Heatmap showing genes enriched in iWAT of SPF + LPD mice compared with
SPF + CD, GF + CD and GF + LPD mice (reads per kilobase per million reads
(RPKM) =200, fold change > 4, adjusted P < 0.05 with Benjamini-Hochberg
correction). Eachcircleinthebar graphs represents anindividual mouse.
Dataaremean +s.d. Statistical tests: one-way ANOVA with Benjamini-Hochberg
correction (a,c-g,j), two-tailed Mann-Whitney test for each comparison (b)
and two-way ANOVA with Benjamini-Hochberg correction (i).

These diets were fed to specific-pathogen-free (SPF) C57BL/6 (B6)
mice housed at room temperature (23 °C). Regardless of the lipid and
carbohydrate content, feeding mice diets with low levels of protein
significantly increased the expression of Ucpl and Cox7al mRNAin the
inguinal WAT (iWAT) (Ucp1 expressionis shownin Fig. 1a, with Cox7al in
Extended DataFig. 1a. Throughout the manuscript, UcpI data are shown
inthe mainfigures and additional beige markers are provided mainly in
the Extended Data). mRNA expression was assessed using three distinct
methods® with concordant results (Supplementary Fig. 1a). Feeding
micean LPDresulted in decreased iWAT mass (Supplementary Fig. 1b)
and increased histological features of browning, including cells with
multilocular lipid droplets, particularly in the central region adjacent
totheinguinal lymph node (Extended DataFig. 1b). B6 mice that were
fed diets with a graded protein content showed a robust induction of
Ucpl, Elovi3 and Cox7al in iWAT when dietary protein was reduced to
7% or less (alevel approximately 60% lower thanthat of the control diet)



(Fig. 1b and Extended Data Fig. 1c-e). Time-course analysis showed
that these genes wereinduced within2 weeks on a 7% protein diet and
plateaued by weeks 6-8 (Fig. 1c, Extended Data Fig.1f and Supplemen-
tary Fig.1c). RNA sequencing (RNA-seq) analysis revealed that a broad
range of beige-fat signature genes were upregulated iniWAT, including
thoseinvolved in mitochondrial function (such as Cox7al and Cox8b),
thermogenesis (such as Elovl3, Dio2 and UcplI) and lipid metabolism
(suchas Cidea, Dio2, Cpt1b and Acott11); this upregulation began within
1week of LPD feeding and became progressively more pronounced over
the next 6 weeks (Extended Data Fig. 1g,h). The iWAT transcriptional
profile induced by LPD feeding closely resembled that induced by a
B;-adrenergic receptor agonist (Extended Data Fig. 1h). A reduction
indietary protein content also led to an increase in Ucpl, Elovl3 and
Cox7al expressionininterscapular BAT, although at lower magnitudes
than that observed in iWAT (Extended Data Fig. 1i).

Feeding B6 mice a 7% protein diet for 6 weeks reduced body weight
andwhole-body fat volume, and enhanced glucose tolerance (Extended
DataFig.2a-e). Mice showed no overt changesin appearance or behav-
iour (Supplementary Video 1), and did not exhibit increased faecal
energy content or impaired lipid absorption (Extended Data Fig. 2f,g).
Inaddition, whole-body lean volume and gastrocnemius muscle mass
were mostly preserved (Extended Data Fig. 2h-j and Supplementary
Video 2). These results indicate that the 6-week, 7% protein diet was
generally well-tolerated and that the observed upregulation of brown-
ing markers and metabolic effects are unlikely to be driven mainly by
pathological malabsorption or severe muscle wasting. Accordingly,
this LPD protocol was used for all subsequent experiments, unless
otherwise noted.

LPD feeding robustly induced signature genes of beige fat, even
under thermoneutral conditions (30 °C) (Extended Data Fig. 2k). The
LPD-induced formation of beige adipocytes in iWAT was observed
across several mouse strains, including BALB/c and ICR, and was there-
fore not specific to B6 mice (Supplementary Fig. 2a). However, female
or aged B6 mice showed attenuated browning, compared with male
or young mice, respectively (Extended Data Fig. 21,m). In addition,
perigonadal WAT did not exhibit an induction of beige marker genes
(Supplementary Fig. 2b). After reversion to aregular diet, beige marker
expression and beige-adipocyte-like morphology declined (Extended
DataFig. 2n), indicating that LPD-induced browning in iWAT is both
inducible and reversible. Increased expression of Ucpl and metabolic
effects were also observed when mice were switched from a high-fat
diet (HFD) either toan LPD (Extended DataFig.3a-e) or toahigh-fatand
low-protein diet (HFD to HF/LPD; Extended Data Fig. 3f-j), although the
magnitude of thisinduction was attenuated with prolonged or greater
fat exposure. Collectively, these results indicate that LPD-induced
browningisrobust but adipose-depot-specific, and modulated by age,
sex and dietary context.

Because protein type and digestibility might influence outcomes,
we next examined diets containing defined amino acids instead of
natural proteins. Decreasing the dietary amino acid content led to a
marked increase in beige marker expression in iWAT, with maximal
induction, comparable to that observed witha7%LPD, achieved at 5%
or less amino acids (Fig. 1d and Extended Data Fig. 3k). We then for-
mulated diets with decreased levels of essentialamino acids (EAAs) or
non-essential amino acids (NEAAs). Reducing EAAsrecapitulated the
induction of beige marker genes that was observed with total amino
acid limitation, whereas restricting NEAAs had no discernible effect
(Fig. 1e and Extended Data Fig. 31). We next examined the effect of
reducing each individual EAA in the diet. Reduction of isoleucine,
leucine, phenylalanine, tryptophan, lysine, methionine or threonine
resulted in modest and variable inductions of browning (Extended
DataFig.3m). These results suggest that although restriction of indi-
vidual EAAs has limited effects, concurrent restriction of several EAAs
engages complementary pathways to drive a more robust browning
response.

LPD-induced browning requires the microbiota

We nextinvestigated the mechanistic underpinnings of LPD-mediated
iWAT browning. Feeding mice an LPD robustly induced the expression
of Ucpl, Elovi3 and Cox7al, to levels comparable with those induced
by cold exposure (6 °C for 7 days) or treatment with a 33-adrenergic
receptor agonist (Fig. 1f and Supplementary Fig. 3a). Notably, com-
bining an LPD with cold exposure resulted in an additive increase
in the expression of beige marker genes, suggesting that distinct—
although possibly overlapping—mechanisms of browning are invol-
ved. Although immune cells have been implicated in cold-induced
browning®* 38 LPD-induced browning was preserved across several
immune-deficient mouse models, including those lacking o8 and y6
T cells, B cells, innate lymphocytes, type 1,2 or 17immune molecules,
myeloid cells or lymphoid tissues (Extended Data Fig. 4a). We therefore
focused onimmune-independent mechanisms.

We next assessed the role of the gut microbiota in LPD-induced
browning using germ-free (GF) mice. Compared with SPF mice, GF
mice exhibited significantly reduced expression of Ucpl,Elov(3, and
Cox7al and fewer histological indicators of iWAT browning after being
fedanLPD (Fig.1g,h).Inaddition, although the LPD suppressed weight
gain and WAT mass in SPF mice, no such effect was seen in GF mice
(Fig. 1i,j). Low-level induction of Ucpl was occasionally observed in
LPD-fed GF mice, suggesting that a microbiota-independent pathway
exists, although this response was not robust (Supplementary Fig. 3b).
RNA-seq of iWAT from LPD-fed GF mice revealed areduction in the
expression of several beige signature genes, compared with LPD-fed
SPF mice, including Ucpl, Cidea, Elovl3, Cox7al, Cox8b, Clstn3 and
Acotll (refs.39-41) (Fig. 1k). Gene Ontology enrichment analysis high-
lighted the reduced expression of genes involved in mitochondrial
biogenesis and lipid metabolism in LPD-fed GF versus SPF mice (Sup-
plementaryFig.3c). Similar trends were observed inmice that were fed
alow-EAA diet (Supplementary Fig. 3d). Treating adult SPF mice with
an antibiotic cocktail also led to a significant reductionin the expres-
sionof Ucpl, Elovl3and Cox7al iniWAT (Supplementary Fig. 3e). These
findings indicate that the microbiota is a key driver of LPD-mediated
beige-adipocyte induction.

LPD-microbiota-FXR pathway in browning

We next aimed to identify microbiota-derived molecules that might
contribute to iWAT browning. Non-targeted liquid chromatography-
mass spectrometry (LC-MS) analysis of ileal and plasma samples from
SPF and GF mice that were fed a control diet or an LPD revealed thatan
LPDincreased the plasmalevels of unconjugated bile acids, including
cholic acid (CA) and muricholic acid (MCA), in SPF mice (Extended
Data Fig. 4a). Subsequent targeted LC-MS analysis confirmed the
increased plasmalevels of CA, aMCA, BMCA and chenodeoxycholic
acid (CDCA), as well as 7a- and 73-dehydroxylation products*, includ-
ing 7-oxo-deoxycholic acid (7oxoDCA), ursocholic acid (UCA) and
ursodeoxycholic acid (UDCA), in LPD-fed SPF mice compared with
GF mice and control-diet-fed SPF mice (Fig. 2a and Extended Data
Fig.4b), although no such trends were seenin the intestinal contents
(Supplementary Fig. 4a). These bile acids exhibited agonistic activity
inaninvitro FXRreporter assay, indicating activation of this bile acid
receptor (Supplementary Fig. 4b). Therefore, we next investigated
whether FXR signalling was involved in browning. Mice deficient in
FXR (encoded by Nr1h4) exhibited a significantly reduced induction
of Ucpl and Elovl3, fewer morphologically beige cells in iWAT and
increased weight gain during LPD feeding, compared with wild-type
controls (Fig. 2b, Extended DataFig. 4c-e and Supplementary Fig. 4c).
By contrast, deletion of another prominent bile acid receptor, TGRS
(GpbarI™), did not affect LPD-induced browning (Fig. 2c, Extended
DataFig.4d,eand Supplementary Fig. 4c). These findings indicate that
microbiota-derived bile acids promote beige-adipocyte induction
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Fig.2|iWAT FXR and hepatic FGF21 contribute to LPD-mediated browning.
a, Plasmabile acids in GF or SPF mice fed a CD or an LPD were quantified by
LC-MS/MS.ND, notdetected. b-d,g, SPF mice of theindicated genotypes were
feda CD or an LPD for 6 weeks, and iWAT Ucpl expression, normalized to Ppib,
was measured. e,f, Uniform manifold approximation and projection (UMAP)
plots of iWAT snRNA-seq data for UcpI and Nr1h4 (e) and for Collal, Wnt2, Pdgfra
and Dpp4 (f) from GF or SPF mice fedaCD or an LPD. Each dot represents
anucleus,and redindicates expression of theindicated gene, with colour
intensity reflecting expression levels. Beige and ASPC clusters are outlined by
blue dashed circles. h, Hepatic Fgf21 mRNA expression and plasma FGF21levels
in GF or SPF micefed aCD oran LPD. i-k, Fgf21"* and Fgf21"" littermatesfed a
CDoranLPDwere analysed for iWAT gene expression (i), body-weight changes
(j) and plasma bile acids (k). Ink, n =5 per group.l, Plasma FGF21levels in Nrih47

during LPD feeding atleastin part through an FXR-dependent, TGR5-
independent pathway.

Giventhebroad expression of FXRin theintestine, liver and WAT*, we
used tissue-specific Nr1h4-knockout mice to define the organ-specific
contribution of FXR signalling to iWAT browning. Deleting FXR in
intestinal epithelial cells (Nr1h4™"; Vill-cre) or hepatocytes (Nr1h4™";
Alb-cre) did not affect LPD-induced Ucpl expression. By contrast,
adipocyte-specific deletion of FXR (Nr1h4"%;Adipog-cre) significantly
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and Nr1h4"~ mice. m,iWAT Ucpl mRNA expression in SPF mice of the indicated
genotypes (AdrbI”"Adrb2""Adrb3™ (Adrb1/2/37"), AdrbI""Adrb2™ (Adrb1/27"),
Adrb27"Adrb3™ (Adrb2/3™") or AdrbI”"Adrb3™ (Adrb1/3™7")) after 6 weeks ona
CDoranLPD.n, Representative whole-mount iWAT images stained for tyrosine
hydroxylase and UCP1with iDISCO processing; dashed linesindicate iWAT
boundaries. Scale bar,2 mm. o-q, Wild-type (WT) SPF and GF mice (o), or SPF
mice of theindicated genotypes (p,q), were fed aCD or an LPD for 6 weeks and
received a daily B;-adrenergic receptor agonist or phosphate-buffered saline
(PBS) during the final week. Relative iWAT UcpIl was measured. Circlesrepresent
individual mice; dataare mean + s.d. Box plots show median, interquartile range
andrange. Statistical analyses: one-way ANOVA with Benjamini-Hochberg
correction (b-d,g-i,1,m,0-q), two-way ANOVA with Benjamini-Hochberg
correction (j) and two-tailed Mann-Whitney test (a, k).

reduced Ucpl and Elovl3 expression and morphologically beige cells
in iWAT (Fig. 2d, Extended Data Fig. 4e and Supplementary Fig. 4c),
suggesting that FXR has a key role in adipose tissue. To identify
FXR-expressing cell types in iWAT, we performed single-nucleus
RNA-seq (snRNA-seq) of iWAT from GF and SPF mice fed a control diet
oranLPD. A putative beige-cell cluster expressing Ucpl and Elovi3was
detected almost exclusively in LPD-fed SPF mice (Fig. 2e and Extended
Data Fig. 5a,b). Among bile acid receptors, FXR showed arestricted



pattern of expression and was enriched in cells expressing markers of
adipose stem and progenitor cells (ASPCs), including Wnt2 and Dpp4
(refs.44-46) (Fig. 2e,fand Extended DataFig. 5a,b). Consistently, con-
ditional deletion of FXRin Dpp4" cells (Nr1h4™%;,Dpp4-cre) significantly
attenuated the induction of Ucpl and Elovi3 after LPD feeding (Fig. 2g
and Supplementary Fig. 4c). Pseudotime analysis further suggested
adenovo differentiation trajectory towards beige cells, character-
ized by asequential induction of mitochondrial lipid metabolism and
thermogenic genes (Supplementary Fig. 4d-f).

LPD-conditioned microbiotadrives hepatic FGF21

Given the robust nature of LPD-induced browning, we hypothesized
that multiple, complex pathways are involved in addition to the bile
acid-FXR axis. Considering the central role of the liver in regulating
metabolic responsesto diet, we performed bulk RNA-seq and quantita-
tive PCR (qPCR) onliver samples. In SPF but notin GF mice, LPD feeding
for1or 6 weeks consistently induced a number of genes, including
Phgdh, (Psatl,Aldh1l2and Asns (Extended DataFig. 6a,b). Asthese genes
functioninserine biosynthesis, mitochondrial one-carbon metabolism
and ammonia-dependent asparagine production**, their induction
implicates the gut microbiotain linking dietary protein restriction to
hepatic nitrogen assimilation and recycling. These genes are known
to be regulated by activating transcription factor 4 (ATF4)***°, and,
consistently, other ATF4-inducible genes (Mthfd2, Nuprl, Chacl and
Gdf15) were similarly upregulated in a microbiota-dependent man-
ner (Extended Data Fig. 6a,b). Notably, this transcriptional response
was not induced by treatment with a 3;-adrenergic receptor agonist
(Extended DataFig. 6b), highlighting the unique nature of LPD-induced
microbiota-dependent signalling in the liver.

Notably, Fgf21, another ATF4-inducible gene™, was markedly upregu-
lated in the livers of SPF mice, but not GF mice, as early as1 week after
LPD initiation, with corresponding increases in circulating FGF21
(Fig.2hand Extended Data Fig. 6b). Fgf21”~ mice phenocopied GF mice,
showing a minimal induction of beige marker genes in iWAT and no
suppression of weight gain during LPD feeding (Fig. 2i,j). However,
administering recombinant FGF21 was insufficient to induce iWAT
browningin control-diet-fed GF mice (Supplementary Fig. 5a), indicat-
ing that additional microbiota-dependent signals, including the bile
acid-FXR axis, are required. Indeed, the gene-expression profiles of
iWAT from Fgf21”~ and Nr1h4” mice showed distinct patterns (Supple-
mentary Fig. 5b), and Nr1h4 and Kb (encoding a crucial component of
the FGF21receptor) were expressed in distinct cell populations within
iWAT (Extended Data Fig. 5b). Moreover, LPD feeding resulted in com-
parable plasmabile acid profilesin Fgf217~ and wild-type mice (Fig. 2Kk),
and, conversely, plasma FGF21 levels were not significantly altered
between Nr1h4”~ and wild-type mice (Fig. 21). These findings suggest
that FXR and FGF21act through parallel, non-redundant pathways that
collectively contribute to beige cell induction in iWAT.

To identify the hepatic cell types that express Fgf21, we performed
snRNA-seq on liver tissue. Fgf21 and other ATF4-dependent genes were
detectedin hepatocyte clusters from LPD-fed SPF mice, but notin other
liver cell types or in GF or control-diet-fed mice (Extended DataFig. 7).
A similar pattern of expression was observed for Cyp39al and Csad
(Extended Data Fig. 7). Given the roles of CYP39Alin non-canonical bile
acid biosynthesis and CSAD in taurine synthesis*?, these findings sug-
gest that hepatocytes respond to LPD feeding by coordinately upregu-
lating not only Fgf21, but also genes involved in bile acid production.

Microbiota-FXR-FGF21-sympathetic neuron axis

As catecholamine signalling is central to adipose browning®!674053-55,
we next assessed LPD-mediated beige-cell induction in mice defici-
entin ;- (Adrbl), B,- (Adrb2) or 3;- (Adrb3) adrenergic receptors. Loss
of B;-adrenergic signalling, either alone or combined with {3, or 3,

deficiency, resulted in a severe impairment in beige-cell induction,
whereas deletion of 3, and 3, had no effect (Fig. 2m and Extended Data
Fig. 8a), suggesting that LPD-induced browning relies specifically on
B;-adrenergic receptor signalling. Consistently, whole-mount immu-
nostaining of iWAT revealed a pronounced remodelling of tyrosine
hydroxylase-positive sympathetic neurons and vasculature in SPF but
not in GF wild-type mice in response to an LPD (Fig. 2n and Extended
Data Fig. 8b). Specifically, sympathetic neurons developed finer,
denser networks, particularly in regions with a strong accumulation
of UCP1-expressing cells. By contrast, LPD-fed Fgf21”~ and Nr1h47/~
SPF mice exhibited markedly reduced sympathetic innervation,
resembling the pattern observed in GF mice (Fig. 2n and Extended
Data Fig. 8c). Notably, administration of a 3;-adrenergic receptor
agonist increased UcplI and Cox7al expression in control-diet-fed GF
mice as well as Nr1h4”~ and Fgf21”~ mice to levels comparable with
those in LPD-fed SPF mice (Fig. 20-q and Extended Data Fig. 8d-f).
These findings suggest that FXR and FGF21 signal through distinct
pathways that converge on the promotion of sympatheticinnervation
and B;-adrenergic signalling during LPD-induced browning.

Browning induced by 20 bacterial strainsin mice

To assess whether LPD-induced iWAT browning is transmissible via
the microbiota, we transplanted small-intestinal luminal contents
from LPD-fed SPF donor mice (donors A and B) into GF mice (Fig. 3a).
Browning was observed inrecipient miceirrespective of the transplant
source, but only when recipients were fed an LPD (Fig. 3b), indicating
that ongoing diet-microbiotainteractions arerequired. Similar results
were obtained using faecal transplants (Supplementary Fig. 6a). To
identify a bacterial community capable of mediating browning, we
selected mouse B28, which exhibited the strongest induction of Ucp1
after receiving small-intestinal contents from LPD-fed mouse B and
being maintained onan LPD (Fig.3b and Supplementary Fig. 6b). Trans-
ferring small-intestinal contents from mouse B28 to new GF recipients
recapitulated the robust iWAT browning upon LPD feeding (Fig. 3c and
Supplementary Fig. 6¢c). We selected mouse B28-1, which exhibited the
strongest beige adipocyte induction, for subsequent analyses (Fig. 3c).
From the small-intestinal contents of mouse B28-1, weisolated 18 bacte-
rial strains (mul8-mix) (Fig. 3d). However, colonizing GF mice with the
mul8-mix was insufficient toinduce browning (Fig. 3e). Adding two fur-
therisolates, Blautia sp. (St.27G3) and Turicibacter sp. (St.80E1), yielded
a 20-strain consortium (mu20-mix) that robustly induced browning
after LPD feeding, reaching levels comparable to those of SPF mice
(Fig. 3f,g), indicating that these two strains are required for the full
beige-inducingactivity of the consortium. GF mice inoculated with the
mu20-mix and fed an LPD showed increased plasmalevels of CA, CDCA,
70xoDCA, UCA and UDCA (Fig.3h), as well as FGF21 (Fig. 3i). By contrast,
Nr1h4” and Fgf21”~ GF mice inoculated with the mu20-mix exhibited
markedly reduced beige-cellinduction (Fig. 3j), further supporting the
requirement for FXR and FGF21 signalling in LPD-induced browning
mediated by defined members of the microbiota.

Four human-derived isolates promote browning

Having confirmed that a small microbial community is sufficient to
promote LPD-induced browning, we next sought to identify human-
associated microorganisms that are capable of exerting this acti-
vity. To this end, we recruited 25 healthy volunteers and performed
BE-fluorodeoxyglucose positron emission tomography (FDG-PET),
which detects beige or brown adipose depots® 2. Approximately 40%
ofvolunteers exhibited supraclavicular FDG accumulation (Fig. 4a). We
transplanted faecal samples from the top four FDG-positive volunteers
(T17, T10, T19 and T18) into GF mice and placed the mice on either a
controldietoran LPD (Extended Data Fig. 9a). In exGF mice colonized
with microbiota from donors T17, T10 or T19, LPD feeding robustly
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Fig.3|Mouse-derived microbialisolates promote LPD-induced browning.
a, Schematicillustrating the strategy toisolate browning-inducing commensal
strains from the gut microbiota of SPF mice. SI, smallintestine. b,c,e,f, GF
mice were colonized withileal microbiota from LPD-fed SPF mouse A, SPF
mouse B (b) or exGF mouse B28 (c¢), or with defined bacterial consortia
(mul8-mixineormu20-mixinf). Mice were thenfed an LPD for 6 weeks, and
relative iWAT Ucpl expression was measured by qPCR. d, Theileal microbiota
compositions of mouse B, mouse B28 and mouse B28-1were determined by 16S
rRNA gene sequencing. The 20 strainsisolated from mouse B28-1arelisted.

g, Representative H&E-stained iWAT sections from the indicated groups.
Scalebars, 50 pm. h,i, Plasmabile acid (h) and FGF21 (i) concentrations in the

induced UcplI expressionand morphologically beige adipocytesin iWAT
(Fig.4b and Extended Data Fig. 9b). Faecal microbiota transplantation
from donor T18 was much less effective, probably due to unsuccessful
engraftment of key effector strains. We also transplanted GF mice with
faecal samples from donors FF2 and TO7, who exhibited intermediate
or no FDG accumulation, respectively. Mirroring the human pheno-
type, FF2recipient mice exhibited anintermediate degree of browning,
whereas TO7 recipients showed no evidence of browning (Fig. 4c and
Extended Data Fig. 9c).

Next, we isolated 33 strains from faecal samples from T10
microbiota-recipient mice (T10-4 and T10-5) and another 33 strains
from T19 microbiota-recipient mice (T19-5and T19-6) (Fig. 4b,h and
Extended Data Fig. 9d). GF mice were colonized with each of these
33-strain mixtures. Mice that were colonized with the T19-derived
33-strain mixture exhibited robust beige-cellinduction after LPD feed-
ing, whereas those colonized with the T10-derived mixture showed
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indicated mice were quantified by LC-MS/MS and by enzyme-linked
immunosorbent assay (ELISA), respectively.j, iWAT Ucpl expression in GF
Nrlh47" or GF Fgf21’- mice inoculated with mu20-mix or vehicle control and
fedaCD oranLPD for 6 weeks. k, GF mice were colonized with the indicated
mouse-derived bacterial consortia (mu20-mix, mu3-mix, mu5-mix or mu7-mix)
andfedaCD oranLPD for 6 weeks.iWAT Ucpl expressionand hepatic Fgf21
expression were measured. Circles representindividual mice; dataaremean +s.d.
Box plots show median, interquartile range and range. Statistics: one-way
ANOVA with Benjamini-Hochberg correction for multiple comparisons

(b,c,e fi-k) or two-tailed Mann-Whitney test for each comparison (h).

substantially less induction (Fig. 4d and Extended Data Fig. 9¢e). Mice
that were colonized with the T19-derived 33-mix exhibited increased
plasmalevels of CA, 7oxoDCA,UCA, CDCA and UDCA, as well as FGF21
(Fig.4e,f). By contrast, Nrlh4™~ or Fgf21"~ GF miceinoculated with the
T19-derived 33-mix failed to significantly upregulate Ucpl in iWAT
(Fig. 4g), indicating that these strains promote beige-cell induction
through activation of both the FXR and the FGF21 pathway, similar to
the mu20-mix.

To identify a minimal effector consortium, we divided the 33
T19-derived strainsinto 2 phylogenetic groups: a19-strain group com-
prising Bacteroides, Enterococcus, Erysipelotrichaceae and other phyla
(19 BEEO), and a 14-strain group comprising Ruminococcaceae and
Lachnospiraceae (14 RL) (Fig. 4h). Gnotobiotic mice colonized with the
19 BEEO-mix recapitulated the robust induction of UcpI in iWAT that
was observed with the parental 33-mix, whereas mice colonized with
the 14 RL-mix did not (Fig. 4i). We further subdivided the 33 T19-derived
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Fig.4|Down-selection of human-derived bacterial strains that promote
LPD-mediated browning. a, Standardized uptake values (SUV) of FDGin the
supraclavicular regions of each volunteer. Columns highlighted inred and blue
indicate samples that were selected for follow-up analysis, and representative
FDG-PET images are shown asinserts. b—f, GF B6 mice were colonized with
faecal microbiota fromtheindicated individuals (b,c) or with defined bacterial
consortia (d) and then fed either aCD or an LPD for 6 weeks. Relative iWAT Ucpl
expression, normalized to Ppib, was determined by gqPCR (b-d). Plasma bile
acids (e) and FGF21 (f) were quantified by LC-MS/MS and ELISA, respectively.
g, iWAT Ucpl expression in GF Nrih4” and Fgf21" mice colonized with the T19-
derived 33-mixand fedaCD or an LPD. h, List of the 33 T19-derived strains, as

strainsinto 5 phylogenetic groups (Fig. 4h) and assessed the effect of
excluding each oniWAT browning. Excluding the five strains classified
as other phyla (5 Others) led to the greatest reduction in UcplI induc-
tion (Fig. 4j). We thus compared the effects of colonization with the 5
Others-mix versus the remaining 14 strains from the 19 BEEO group
(14 BEE). The 5 Others-mix efficiently induced beige marker genes
in an LPD-dependent manner, whereas the 14 BEE strains produced
only amodest effect (Fig. 4k and Extended Data Fig. 9f). Colonization
with the 5 Others-mix, but not the 14 BEE-mix, also increased hepatic

determined by 16S rRNA sequencing.i-m, GF B6 mice were colonized with the
indicated bacterial consortiaselected from the 33 T19-derived strains and fed a
CDoranLPDfor4weeks.Inj, the presence (+) or absence (-) of each bacterial
groupintheconsortiumisindicated. Expression of UcpI iniWAT (i-k) and Fgf21
intheliver (1), normalized to Ppib, was measured by qPCR. m, Plasma bile acid
concentrationsin LPD-fed gnotobiotic mice were quantified by LC-MS/MS
(n=8pergroup).Circlesrepresentindividual mice; bar heightsindicate exact
SUV values (a) or mean +s.d. (b-d,f,g,i-1). Box plots show median, interquartile
range and datarange. Statistics: one-way ANOVA with Benjamini-Hochberg
correction for multiple comparisons (b-d,f,g,i-1) or two-tailed Mann-Whitney
test for each comparison (e,m).

Fgf21 mRNA expression and plasma bile acid concentrations to levels
comparable with those observed in mice colonized with the parental
19 BEEO-mix (Fig. 41,m).

Additional dropout experiments were performed by inoculating GF
mice with all possible four-strain permutations of the 5 Others-mix,
each omitting one of the five strains. Notably, omitting Romboutsia
timonensis (St.31) prevented engraftment of the remaining four strains
and markedly reduced beige-cellinduction (Fig. 5a and Extended Data
Fig.10a), suggesting that R. timonensis acts as a supporter strain that
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Fig.5|1dentification offourhuman-derivedisolates that promote browning.
a, GF B6 mice were colonized with four-strain permutations of the 5 Others-
mix; included strains areindicated by + and the excluded strain by -. Mice were
fed an LPD for 4 weeks, and iWAT UcpI expression, normalized to Ppib, was
measured by qPCR. b, GF mice were inoculated with faecal microbiota from
participant TO7, fed aHFD (60% kcal fat, 20% protein) for 4 weeks, then switched
toanLPD and given two oral doses of the hu4 strains or vehicle control (-).
Longitudinal changesinbody weight are shown. Anoral glucose tolerance test
(OGTT)was performed after 4 weeks on the LPD. After 6 weeks on the LPD, Ucpl
and Elovi3 expression iniWAT and BAT, hepatic Fgf21 expression, iWAT mass
and plasma cholesterol, triglycerides and ALT were assessed. IU, international
units. ¢, Invitro bile acid metabolic capacity of individual members of the 5

facilitates colonization by the others. Excluding Adlercreutzia equolifa-
ciens (St.3), Eubacteriaceae sp. (St.4) or Bilophila sp.4_1_30 (St.14) did
not impair colonization by the remaining strains but substantially
affected their ability to induce iWAT browning (Fig. 5a and Extended
DataFig. 10a). By contrast, omitting Parasutterella excrementihomi-
nis (St.29) had no effect on beige-cell induction (Fig. 5a). Therefore,
whereas the Parasutterella strain is dispensable, all four remaining
strains (Adlercreutzia, Eubacteriaceae, Bilophila and Romboutsia;
hereafter referred to as ‘hu4’ strains) are essential for the observed
LPD-mediated browning effect by human-associated strains.
Toassess the metabolic effect of the hu4-strain consortium, GF mice
were inoculated with faeces from participant TO7, whose microbiota
lacked browning capacity, and were fed aHFD. Mice were then treated
with an LPD alone or combined with two oral doses of the hu4 strains.
Whereas the LPD alone was somewhat efficacious, combination treat-
ment with the hu4 strains led to significantly greater body-weight
loss, increased expression of UcplI and Elovl3 in both iWAT and BAT,
increased hepatic Fgf21 expression, reduced iWAT mass, decreased lev-
els of plasma cholesterol, triglyceride and alanine transaminase (ALT)
andimproved glucose tolerance (Fig. 5b). These effects occurred with
minimal reduction in muscle mass and no increase in plasma creatine
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Others-mixafter incubation with 50 uM tauro-CA.d, Metatranscriptomic
analysis of bacterial RNA from the caecal contents of gnotobiotic mice colonized
with the T19-derived 33-mix and fed aCD or an LPD. Reads mapped to the nrfA
lociof Bilophilasp.4_1_30 (St.14) and A. equolifaciens (St.3) are shown. e, NrfA
homologues and predicted signal peptidesin humanisolates.eggNOG-mapper
was used for annotation, and SignalP 6.0 was used to identify signal peptides.
Percentageidentity indicates similarity to the closest NrfA protein. £-value
represents theexpected value. Length denotes the aligned proteinlength. SP,
standard signal peptide. Circles represent individual mice; dataare mean +s.d.
(a,b) or exactbile acid concentrations (c). Statistics: one-way ANOVA with
Benjamini-Hochberg correction (a), two-way ANOVA (b, line graphs) and
two-tailed unpaired t-test (b, bar graphs).

kinase levels (Extended Data Fig.10b), suggesting that WAT browning
mediated by specific microbiota members enhances the metabolic
effects of LPD feeding without overt muscle damage.

Microbial ammonia productioninduces hepatic FGF21

To elucidate how the hu4 strains promote LPD-induced brown-
ing, we examined their bile-acid-metabolizing capabilities. All four
strains exhibited bile salt hydrolase activity, converting tauro-CA
to CA in vitro (Fig. 5c). Furthermore, the supporter R. timonensis
(St.31) strain encodes a putative 7a-hydroxysteroid dehydrogenase
(7aHSDH) (Extended Data Fig.10c) and uniquely converted tauro-CA
into 7o0xoDCA (Fig. 5c), which may facilitate colonization by the other
strains and FXR activation in iWAT.

We next performed genome sequencing of the 33 T19-derived strains
(Supplementary Table1) and transcriptomic profiling of caecal micro-
biota from gnotobiotic mice colonized with this consortium and fed
either a control diet or an LPD. LPD feeding selectively upregulated
nitrogen-metabolism-related genes in the 19-BEEO and hu4 strains,
but not in the 14-BEE or 14-RL strains (Extended Data Fig. 10d). Nota-
bly, expression of nrfA, which encodes and enzyme that catalyses the
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Fig. 6 | Microbial nrfA-dependent ammonia production promotes FGF21
expression. a, Schematicillustrating nitrite reduction by NrfAin conjunction
with formate dehydrogenase (FDH). Mo, molybdopterin.b-d, GF B6 mice were
colonized with19 BEEO-mix and fed aCD or an LPD for 3 weeks. During the

final 2weeks, mice received 0.1% or 0.5% sodium tungstate dihydrate (W) inthe
drinking water. Relative iWAT UcpI expression (b), plasma FGF21levels (c) and
plasmabile acid concentrations (d) were assessed.Ind, n=8 per group. e, GF
mice colonized with two strains selected from the hu4-mix (included, +;
excluded, -) werefed aCD oran LPD for 4 weeks, and iWAT Ucpl expression was
quantified. f,g, GF mice were colonized with AnrfA or wild-type Bilophila sp.
4_1_30(St.14) together with Romboutsia timonensis (St.31) (Rombo) and fed a
CDoranLPD for 4 weeks; iWAT Ucpl (f) and hepatic Fgf21 (g) expression were

reduction of nitrite into ammonia, was greatly increased in Bilophila
sp.4_1_30 (St.14) and A. equolifaciens (St.3) upon LPD feeding (Fig. 5d).
Unlike most nrfA homologues, the nrfA genesin these strains uniquely
contain lipoproteinsignal peptides (LSPs) (Fig. Se), afeature thatisrare
in the human microbiome and mostly restricted to Desulfobacterota
(Extended Data Fig.10e and Supplementary Table 2). Such signal pep-
tides are predicted to localize NrfA to the inner membrane, enabling
periplasmic dissimilatory nitrate reduction to ammonium (Fig. 6a).
NrfA uses formate as anelectron donor throughits partner enzyme, for-
mate dehydrogenase (FDH)*®. FDH contains amolybdopterin cofactor

measured by qPCR. h, Ammonia concentrationin portal and peripheral

blood from CD- or LPD-fed SPF and GF mice, and from GF mice colonized with
R.timonensis plus wild-type or AnrfA Bilophila.i, Ammonium chloride (NH,CI)
was administered in the drinking water to the indicated gnotobiotic mice,

and iWAT UcpI and hepatic Fgf21 expression were assessed. j, Hepatocyte
organoids derived from five human donors were stimulated with the indicated
concentrations of NH,Cl, and FGF21 and CSAD mRNA expression was analysed
by qPCR (n=2pergroup).Circles representindividual mice; dataare mean + s.d.
Box plots show median, interquartile range and data range. Statistics: one-
way ANOVA with Benjamini-Hochberg correction (b,c,e-j) and two-tailed
Mann-Whitney test (d). NS, not significant.

inits active site, which can be inhibited by treatment with tungsten®’.
Adding tungsten to the drinking water significantly suppressed both
iWAT browning and plasma FGF21 levels in mice colonized with the
19 BEEO-mix, without altering strain engraftment or plasma bile acid
levels (Fig. 6b—d and Extended Data Fig. 11a).

To further assess the role of NrfA in WAT browning, we generated
anrfA-deficient Bilophila sp. 4_1_30 (St.14) mutant (Supplementary
Fig. 7). This AnrfA mutant exhibited defective ammonia production
in vitro, compared with the nrfA-sufficient (wild-type) Bilophila
strain, which produced high levels of ammonia in protein-restricted
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settings (Extended Data Fig. 11b). In vivo, co-colonization of GF mice
with the wild-type Bilophila strain and bile-acid-producing R. timon-
ensis (St.31) induced significant browning, although the magnitude
was substantially less than that observed with the complete hu4
strains (Fig. 6e). By contrast, co-colonization with R. timonensis and
the AnrfA Bilophila mutant failed to induce browning (Fig. 6f and
Extended Data Fig. 11d), despite comparable intestinal engraftment
of the AnrfA and wild-type strains (Extended Data Fig. 11c). Notably,
AnrfA Bilophila-colonized mice exhibited reduced hepatic expres-
sion of Fgf21 (Fig. 6g), whereas induction of hepatic Csad and Cyp39al
expression and plasma bile acids was preserved or even enhanced
(Extended Data Fig. 11e,f), suggesting that nrfA-mediated nitrogen
metabolism specifically promotes Fgf21 induction, likely viaammonia
production. Consistent with this, LPD feeding increased the levels of
ammoniain the portal vein, but not in the peripheral blood, of SPF B6
mice and gnotobiotic mice colonized with wild-type Bilophila and
R. timonensis. By contrast, nosuchincrease was observed in GF mice or
inmice colonized with the AnrfA strain (Fig. 6h). Supplementation with
ammonium chloride rescued hepatic Fgf21 and iWAT Ucpl and Elovi3
expression in mice colonized with R. timonensis and AnrfA Bilophila
(Fig. 6i and Extended Data Fig. 11g). Moreover, stimulating human
hepatocyte organoids withammonia*® induced the expression of FGF21
in a dose-dependent manner without affecting bile acid biosynthesis
genes (Fig. 6j). These results suggest that microbiota-derived ammonia
enters the portal circulation and selectively induces hepatic FGF21
expression, thereby contributing to WAT browning.

Having elucidated the roles of human-derived, nitrogen-
metabolizing Bilophila and bile-acid-modifying Romboutsia in
browning, we revisited the mu20-mix. Two strains, Adlercreutzia
sp. (St.1H8) and Parvibacter caecicola (St.1B6) were found to carry
LSP-containing nrfA homologues and produced ammonia in vitro
(Extended Data Fig. 12a,b). In addition, Faecalibaculum rodentium
(St.1C4) was found to be capable of bile acid deconjugation as well
as 7a- and 3a-dehydroxylation, producing CA, 70xoDCA and 30xoCA
from tauro-CA (Extended Data Fig. 12c). We thus selected these three
strains and combined them with Blautia sp. (St.27G3) and Turicibacter
sp. (St.80E1). The resulting five-strain consortium (mu5-mix) robustly
increased portalammonialevels, hepatic Fgf2I mRNA expression and
iWAT browning, comparable to the levels induced by the parental
mu20-mix (Fig. 3k and Extended Data Fig. 12d). By contrast, exclu-
sion of the two nrfA-positive strains (mu3-mix) or colonization with
arandom seven-strain mixture (mu7-mix) did not elicit these effects.
These findings suggest that diverse microbial consortia, derived
from either the human or the mouse microbiota, can promote adi-
pose tissue browning in mice fed an LPD, provided that they possess
both ammonia-producing and bile-acid-modifying capacities.

Discussion

This study identifies low protein intake as a dietary context in which
specific gut microorganisms engage coordinated host pathways to
promote adipose tissue browning (see also Supplementary Discus-
sion). By combining gnotobiotic models with defined human- and
mouse-derived bacterial consortia, we show that distinct microbial
communities can elicit a shared browning phenotype, provided that
they encode complementary functional capacities of bile acid modi-
fication and ammonia production. These functions engage two host
pathways: activation of FXR in adipose progenitor populations and
induction of hepatic FGF21. These pathways probably act in parallel
and are non-redundant, because disruption of either axis compromises
browning, whereas activation of one alone is insufficient.

Our findings support amodel in which protein scarcity is sensed by
specific members of the microbiota, which respond accordingly, lead-
ingtoincreased levels of systemic bile acids and hepatic ammonia. This
activates FXR and FGF21signalling, which together drive sympathetic
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innervation, adipose remodelling and metabolic adaptation. Host—
microbiota cooperation in nitrogen conservation and the maintenance
of amino acid homeostasis through ammoniaproductionrepresents an
evolutionarily conserved adaptive strategy under conditions of protein
scarcity®’. This framework illustrates how the gut microbiota functions
asanactiveinterpreter of dietary composition, linking nutrient avail-
ability to coordinated host physiological responses.

Despite these advances, several key limitations remain. Mecha-
nistically, it will be crucial to determine how the microbiota senses
low-protein conditions; how the LPD-conditioned microbiota pref-
erentially increases certain bile acids in the systemic circulation; how
specificmembers of the microbiotainfluence multiple organs; whether
and how FXRsignalling promotes adipose progenitor differentiation;
and how FGF21, FXR and possibly other factors lead to a substantial
remodelling of sympathetic neurons. Although an LPD consistently
induced metabolic changes, including weight loss and improved glu-
cose tolerance, the directionality of the relationship between Ucp1
upregulation and weight loss is difficult to dissect. The specific con-
tribution of beige adipocytes to overall metabolic effects needs to be
addressed in future studies. UcpI mRNA expression is highly dynamic
and does not necessarily indicate active thermogenesis. Indeed, reports
suggest that the anti-obesity activity of FGF21is mediated at least in part
by UCPI-independent pathways®®. As such, the LPD-activated pathways
involving FGF21 induction, bile acid signalling, WAT browning and
additional factors arelikely to contribute toboth UCP1-dependent and
UCP1-independent metabolic outcomes, the quantitative deconvolu-
tion of which warrants further investigation.
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Methods

Mice

SPF C57BL/6 (B6), BALB/c and ICR mice were purchased fromJapanSLC,
CLEA Japan and the Jackson Laboratory Japan. Male B6 mice aged 7 to
17 weeks were used unless otherwise specified. GF male B6 mice were
purchased from Sankyo Labo Service Corporationand CLEA Japan. GF
rederivation of SPF mutant mice was done at the gnotobiotic facilities of
RIKEN and Keio University. In brief, in vitro fertilization (IVF) was used to
generate embryos (typically using eggs and sperm from heterozygous
pairs), which were then transplanted into IQI pseudo-pregnant female
recipients. After embryo transfer, the recipient females underwent
Caesarean sections on embryonic day 18. The intact uterine horns
containing pups were passed through a germicidal bath, after which
the pups were delivered into flexible plastic GF isolators and suckled
by GF lactating foster mothers. This method enabled the generation
of GF cohorts of 10-40 mice, all born on the same date (littermates or
equivalents), thereby supporting consistent experimental conditions.
Fgf21"~ mice were generated as previously described®.. Triple-knockout
mice lacking the B,-, B,- and B;-adrenergic receptors (Adrb1” Adrb2™'"
Adrb37") were used with permission from B. Lowell®?. /l47~ mice (G4
mice) were supplied by W. E. Paul®>, R26:lacZbpA"™™*DTA mice were pro-
vided by D. Riethmacher® and subsequently crossed with /[5-cre or
Lyz2-cree mice.Nr1h4™"~, Gpbarl™~, Nrih4"%, Vill-cre, Alb-cre, Adipog-cre,
Terb™, Terd™”, Thbx217, Rorc™™ (homozygous of Rorc(yt)-EGFP mice),
II5-creand Lta”” mice were purchased from the Jackson Laboratory.
Rag2 " 112rg”" mice were obtained from Taconic. /[33”" mice were
obtained from RIKEN BRC with permission from S. Nakae. Dpp4-cre
(Dpp4-RFP, -cre) mice were obtained from RMRC. Unless otherwise
indicated, mice were housed under controlled conditions, including a
temperaturerange of 23-25 °C, ahumidity of 40-60% and a12-h light-
dark cycle. In the experiment at thermoneutral conditions, SPF mice
were kept in an incubator (MIR-154, PHCbi, Japan) at 30 °C according
to previous work®. Magnetic resonance imaging (MRI) data collection
was outsourced to PRIMETECH and collected using an M7 Compact
MRIsystem (Aspect Imaging). Autoclaved water and gamma-irradiated
(50 kGy) sterilized food were provided ad libitum throughout the
experiments. Unlike autoclaving, gamma irradiation avoids heat-
induced alterations in food components. The specific diets and dura-
tions of each experiment are detailed in the corresponding figure
panels. Mice were randomly allocated into experimental groups. All
animal experiments were approved by the Institutional Animal Care and
Use Committee of Keio University and the RIKEN Yokohama Institute.

Experimental diets

All experimental diets were obtained from Research Diets or Orien-
tal Yeast. The control diet used in this study was a 50-kGy-irradiated
AIN-93G diet (product D19090404) containing 20 kcal% protein
(mineral acid casein), 64 kcal% carbohydrate and 16 kcal% fat. Unless
otherwise specified, the LPD was an isocaloric AIN-93G-based diet
containing 7 kcal% protein, 77 kcal% carbohydrate and 16 kcal% fat
(product D20121501; see Supplementary Tables 3 and 4). Diets with
varying proportions of protein, carbohydrate and fat were formulated
based on the AIN-93G diet, with the exception of the ketogenic diet
and the ketogenic-control diet, which have a lower fat content than
AIN-93G does. The ketogenic diet and ketogenic-control diets (prod-
ucts D20012303 and D20012304 from Research Diets, respectively)
use cocoabutter as the main fat source, with the protein concentration
adjusted to 20 kcal% to match the AIN-93G diet. Because the ketogenic-
control diet contains only 10% fat, whichis lower than the fat content of
AIN-93G, itis referred to as the low-fat diet in Fig. 1a. For experiments
using defined amino acid diets, natural protein (mineral acid casein)
wasreplaced with pure amino acids, aligned with the amino acid com-
position of the protein. The total amino acid concentration was then
adjusted, ranging from 20 to 2.5 kcal%, or set to 2.5% kcal content for

individual EAAs, while maintaining the levels of other amino acids at
20%, and isocaloric conditions were maintained by varying the amount
of carbohydrate (see Supplementary Table 5).

Model of HFD-induced obesity

SPF C57BL/6 mice were at first fed an HFD for 2, 4 or 9 weeks. For HFD-
to-CD versus HFD-to-LPD experiments, HFD32 (CLEA Japan; 60 kcal%
fat and 20 kcal% protein) was used. For the HFD-to-HF/LPD versus
HFD-to-HFD experiments, an AIN-93G-based HFD (32 kcal% fat and
20 kcal% protein) was used (Supplementary Table 6). Mice were then
switched to one of the following diets for 4 or 6 weeks: control diet
(20% fat and 20% protein), LPD (20 kcal% fat and 7 kcal% protein) or
HF/LPD (32 kcal% fat and 7 kcal% protein). Quantification of plasma
ALT, cholesterol and triglycerides was outsourced to Oriental Yeast.
Oral glucose tolerance tests (OGTTs) were performed 7 days before
euthanasia. For the hu4-mix treatment experiments, GF mice were
inoculated with faecal microbiota from human participant TO7 and
fed aHFD (HFD32) for four weeks, then switched to an LPD. On days O
and 3 after the diet switch, mice were given two oral doses of the hu4
strains or vehicle control. After 6 weeks on the LPD, mRNA expression
of UcpI iniWAT and BAT, iWAT mass, hepatic Fgf2I mRNA expression
and plasmalevels of cholesterol, triglycerides and ALT were assessed.
An OGTT was performed after 3 weeks of LPD feeding.

Measuring faecal calories

Faecal caloric content was measured using bomb calorimetry, as previ-
ously described®. In brief, faecal samples were dried overnight at 60 °C,
weighed and analysed for energy content using a bomb calorimeter
(Parr 6100EA with Semimicro Bomb) calibrated with standard benzoic
acid (6,320 cal g™).

Cold exposure and treatments with a B;-adrenergic receptor
agonist, tungsten, ammonium chloride and recombinant FGF21
For cold exposure, mice were housed at 6 °C for 7 days. For treat-
ment with a B;-adrenergic receptor agonist, mice were administered
CL316,243 daily by intraperitoneal injection (20 pg per mouse per
dose, SIGMA C5976) for seven consecutive days. For tungsten treat-
ment, mice were provided with 0.22-um filter-sterilized sodium
tungstate dihydrate (Na,WO,/2H,0, Nacalai Tesque 32011-25) in
their drinking water at concentrations of 0.1% or 0.5% for 2 weeks.
Throughout the treatment period, mice had ad libitum access to the
tungsten-containing water, and both the remaining water volume and
the health status of the mice were carefully monitored. On the basis
of daily observations, mice in the 0.1% tungsten treatment group did
not exhibit any noticeable changes in food or water consumption. By
contrast, those in the 0.5% tungsten group showed signs of adverse
effects, including mildly reduced appetite. For ammonium chloride
(NH,CI) treatment, mice were given 0.22-pum filter-sterilized NH,ClI
(Nacalai Tesque 02423-65) in their drinking water at concentrations
of 5 or 50 ug ml™ for 5 weeks, corresponding to the full duration of
LPD feeding. Administration of NH,Cl at either concentration did not
result in any noticeable changes in food or water intake. For recombi-
nant FGF21 treatment, GF B6 mice were fed a control diet for 1 week.
Ondays 5, 6 and 7, they received intraperitoneal injections of recom-
binant human FGF21 (12 pg per mouse, twice daily, BioLegend 553804)
or PBS.

qPCR

To evaluate mRNA expression, whole iWAT (excluding inguinal lymph
nodes), gonadal WAT (gWAT), BAT and 30-50 mg of liver tissue were
homogenized using 1.4-mm ceramic beads. Total RNA was extracted
using TRIzol reagent (Invitrogen) following the manufacturer’s pro-
tocol. For iWAT and gWAT lysates, the lipid fraction was removed at
the first step by centrifugation. For qPCR analysis, cDNA was synthe-
sized from 0.5 pg of total RNA using ReverTra Ace qPCR RT Master Mix



(TOYOBO), and qPCR was performed with Thunderbird SYBR qPCR
Mix (TOYOBO) on a LightCycler 480 Il (Roche). The following primer
pairs were used:

Ppib: 5-GGAGATGGCACAGGAGGAA-3’ and 5-GCCCGTAGTGCT
TCAGCTT-3;

Ucpl:5’- CACCTTCCCGCTGGACACT -3’ and 5’-CCCTAGGACACCT
TTATACCTAATGG-3’;

Elov(3:5-TGTTGGCCAGACCTACATGA-3’and 5-GGCCCACTGTAAA
CATCACTG-3’;

Cidea: 5’-ATCACAACTGGCCTGGTTACG-3’ and 5-TACTACCCGGTG
TCCATTTCT-3’;

Cox7al.5’-AGCTGCTGAGGACGCAAAAT-3’and 5’-CTTCTCTGCCAC
ACGGTTTT-3’;

Cox8b: 5’-GAACCATGAAGCCAACGACT-3’ and 5-GCGAAGTT
CACAGTGGTTCC-3’;

Phgdh: 5’-ATGGCCTTCGCAAATCTGC-3’ and 5-AGTTCAGCTATCA
GCTCCTCC-3%;

Psatl:5-TGCCACACTCGGTATTGTTG-3’ and 5-CAGCTAGCAATT
CCCTCACAA-3;

Aldh112: 5-AAAGAGGGCCACCGAGTAGT-3’ and 5’-TTCATCGAGG
GAACTTGAAC-3’;

Asns: 5-AAGATGGGTTTCTGGCTGTG-3” and 5’-ACAGACGCAACT
TTGCCATT-3’;

Gdf15:5-GAACCAAGTCCTGACCCAGC-3’ and 5’-GCTTCAGGGGCC
TAGTGATG-3’;

Fgf21:5’-CCTGGGTGTCAAAGCCTCTA-3’and 5-TCCTCCAGCAGCAG
TTCTCT-3’;

Cyp39al.5’-TTCTCACCAATAGCAATCGCC-3’and 5’-GTCATTCGGTT
TCCCATAGCAA-3;

Csad:5’-GCCGGACTGTGATTCACTACA-3’and 5’-GTGTTGAGGCTCTC
CGTGAT-3.

The assessment of mMRNA expressionwas performed using three inde-
pendent methods: relative abundance, fold change and total per-depot
mRNA. For the assessment of relative abundance, C, values were con-
verted into quantities using linear equations derived from standard
curves, which were generated from serial dilutions of cDNA samples
containing high copy numbers of the target gene. In casesin which no
samples with high copy numbers or obvious positive controls were
available, the AACt method was used. Ppib (peptidylprolylisomerase B)
served as the housekeeping gene for normalization, enabling the calcu-
lation of relative expression levels for each target gene. Fold change was
calculated by dividing the relative abundance value of each individual
by the mean value of the control diet group. For the assessment of total
per-depot mRNA, 2 % values were calculated for each depot®.

Bulk RNA-seq analysis of iWAT and liver

Libraries were prepared using the TruSeq Stranded mRNA Library Prep
Kit (Illumina) following the manufacturer’s instructions. Sequencing
was performed by Macrogen Japan using a NovaSeq 6000 platform
(Illumina) with 100-bp paired-end reads and a run scale of 4 Gb per
sample. Sequenced reads were mapped to the mouse reference genome
(mm10) and normalized to reads per kilobase per million reads (RPKM)
using Strand NGS software v.2.7 (Strand Life Sciences). The summarized
data were then assessed by statistical models (one-way ANOVA with
Tukey’s HSD and the Benjamini-Hochberg for multiple gene correc-
tion) or STAR, featureCounts and DESeq2.

OGTTs

For the OGTTs, mice were fasted overnight and then orally administered
glucose at adose of 1.2 g per kg body weight (note that although we
acknowledge that dosing according to lean mass might better reflect
glucose utilization®, particularly by skeletal muscle, which is a major
site of glucose uptake, we adopted body-weight-normalized dosing
inaccordance with previous studies®® ). Blood samples were taken
from the tail before and at 15, 30, 60, 90 and 120 min after glucose

administration. Blood glucose levels were measured using GlucoCard
G Black sensors and blood glucose test strips (G sensor, Arkray).

Histological analysis

Freshly collected tissues were fixed in 4% paraformaldehyde (PFA),
embedded in paraffinand sectioned into 5-pmslices before undergoing
haematoxylin and eosin (H&E) staining. For immunostaining, tissues
were first deparaffinized three times in xylene and then rehydrated.
Thesections were blocked for 60 minin PBS containing 5% goat serum,
1% bovine serum albumin and 0.5% Tween 20. After rinsing in PBS, the
slides wereincubated overnight at 4 °C with Alexa Fluor 647-conjugated
anti-UCP1antibody (rabbit, EPR20381, Abcam ab225489,1:200). After
further washes, the sections were stained with DAPI, mounted and
imaged using a BZ-X810 microscope (Keyence).

Whole-mountimmunostaining

iWAT was post-fixed overnight in 4% PFA and stored in 80% ethanol at
4 °CuntiliDISCO processing. Immunohistochemical staining was per-
formed following the detailed iDISCO experimental protocol, adapted
froma previous report” with modifications. iWAT samples were dehy-
drated through a graded methanol/H,0 series (20%, 40%, 60%, 80%
and 100%; 1 h each), followed by overnight incubation at room tem-
peratureina 66% dichloromethane (DCM) and 33% methanol solution
onarocker (Multi Bio 3D programmable mini-shaker; Biosan). Tissues
were then washed twice in100% methanol and treated with 6% H,0, in
methanol overnight at 4 °C. After overnight incubation, tissues were
rehydratedinaseries of 1hmethanol /H,0 washes, then washed infresh
PBS overnight on arocker at room temperature. Tissues were washed
with PTx.2 solution (0.2% Triton X-100 in PBS) twice on arocker at1-h
intervals. Samples were then incubated in permeabilization solution
(400 ml PTx.2,11.5 g glycine and 100 ml dimethyl sulfoxide (DMSO))
for 2 days at 37 °C in a shaker (Bioshaker, BR-43FL). This was followed
by incubation in blocking solution (42 mI PTx.2, 5 mI DMSO and 3 ml
normal donkey serum (NDS)) at 37 °C for 2 days in the shaker. Tissues
were thenincubated with primary antibodies (chickenanti-TH (1:400,
Milipore, AB9702), rabbit anti-UCP1(1:400, Abcam, ab225489) and goat
anti-CD31 (1:300, Novus Biologicals, AF3628)) in primary incubation
solution (92 mI PTwH (1 ml of 10 mg ml™ heparin stock solution, 2 ml
Tween 20 dissolved in 11 PBS), 5 mI DMSO and 3 mINDS) on a shaking
incubator at 25 °C for seven days. After primary antibody staining,
tissues underwent six 1-h washes in PTwH and were then subjected to
secondary antibody staining (Alexa Fluor 555 donkey anti-chicken IgY
(1:300, Thermo Fisher Scientific, A-78949) and Alexa Fluor 488 donkey
anti-goatlgG (1:300, Thermo Fisher Scientific, A-11055)) in secondary
incubationsolution (PTwH with 3% NDS) for 10 days at 25 °C on ashaker.
Samples underwent another PTwH wash step and were incubated over-
night at room temperature on a rocker with fresh PTwH solution. An
additional round of methanol dehydration was performed (as described
above) and then samples were incubated overnightin100% methanol
on arocker at room temperature. Next, tissues were submerged in a
66% DCM and 33% methanol solution for 3 h. After that, the samples
underwent two100% DCM washes and were placed indibenzyl ether for
3daysonarockeratroomtemperature for clearing. A ZEISS Lightsheet
7 microscope or Miltenyi Biotec UltraMicroscope Blaze were used to
generate three-dimensional images of iWAT tissues with azoom fac-
tor of 5x or 20x.Images of TH and UCP1labelling were collected for all
samples using ZEN black, ZEN blue and Arivis software.

Blood FGF21 and ammonia measurement

Plasmasamples were collected from mice under appropriate anaesthe-
sia through cardiac puncture or portal vein sampling. For portal vein
collection, blood was drawn using a syringe fitted with a 30G needle.
All plasma samples were stored at —80 °C until analysis. FGF21 levels
were measured using the Mouse FGF-21 DuoSet ELISA kit (R&D), fol-
lowing the manufacturer’sinstructions. Ammonialevelsin portal vein
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and cardiacblood samples were measured by Oriental Yeast using the
CicaLiquid NH, kit (Kanto Chemical).

Western blot analysis

Mouse iWAT was snap-frozen in liquid nitrogen, the proteins were
extracted using RIPA buffer and the final protein concentration was
adjusted to 4 pg pl™. For SDS-PAGE and blotting, the Novex NuUPAGE
SDS-PAGE Gel system (Thermo Fisher Scientific) and Trans-Blot Turbo
system (Bio-Rad, 1704150) were used according to the manufacturer’s
instructions. iBind Western Systems (Thermo Fisher Scientific) were
used for staining throughout the study. The antibodies used in this
study are as follows: rabbit anti-mouse UCP1 (Abcam, ab10983,1:1,000),
mouse monoclonal anti-B-actinantibody (Sigma, A1978,1:1,000), goat
anti-rabbit IgG HRP-linked (Cell Signaling, 7074, 1:2,000) and horse
anti-mouse IgG, HRP-linked (Cell Signaling, 7076,1:2,000). Chemi-Lumi
One (Nacalai Tesque) was used for the chemiluminescence assays and
the Fusion FX (Vilber) was used for imaging.

FXRreporter assay

The FXR stimulating activity of bile acids was assessed using the Gen-
eBLAzer FXR-UAS-bla HEK 293T Cell Agonist Assay (Thermo Fisher
Scientific), following the manufacturer’s protocol. In brief, cells were
seeded inblack-walled, clear-bottomed 384-well assay plates at aden-
sity of 1 x10* cells per well and incubated overnight at 37 °Cin a 5%
CO, atmosphere. Bile acids (CDCA, UDCA, CA, 70xoCA, UCA, DCA,
tauro-BMCA or tauro-CA, all sourced from Cayman) were added at
concentrations ranging from20 to 0.61 uM. After overnightincubation
at37°C, cellsweretreated with the FRET blue/green-enabled substrate
CCF4-AM and incubated for an additional 2 h at room temperature in
the dark. Fluorescence was measured using a TECAN microplate reader
at emission wavelengths of 460 nm (blue) and 530 nm (green), with
an excitation wavelength of 409 nm. The blue/green emission ratio
for each well was calculated by dividing the background-subtracted
blue emission values by the green emission values, as per the manufac-
turer’sinstructions. Data from cells exhibiting abnormal morphology,
indicative of cellular toxicity at higher bile acid concentrations, were
excluded from the analysis.

snRNA-seq analysis of iWAT

Approximately 50 mg of mouse iWAT was dissected from the region sur-
rounding theinguinal lymph nodes (excluding the nodes themselves),
cutintoabout 20 pieces and stored inliquid nitrogen until use. Nuclei
were isolated from frozen samples using the 10x Chromium Nuclei
Isolation kit according to the manufacturer’s protocol. An aliquot
of nuclei from each sample was stained with trypan blue or acridine
orange-propidiumiodide (Logos Biosystems), and ahaemocytometer
and LUNA-FX7 were used to identify and count intact nuclei. Nuclei
fromthree or four mice were pooled and immediately loaded on the 10x
Chromium controller (10x Genomics) according to the manufacturer’s
protocol. For eachsample (GF + CD, GF + LPD, SPF + CD,SPF +LPD; n=2
pools; 8 samples in total), 20,000 nuclei were loaded in one channel
ofa Chromium Chip (10x Genomics). The Chromium Next GEM Single
Cell 3’ v.3.1 Chemistry (dual index) was used to process all samples.
cDNA and gene-expression libraries were generated according to
the manufacturer’s instructions. cDNA and gene-expression-library
fragment sizes were assessed with DNA High Sensitivity Screen tape
(Agilent). Gene-expression libraries were multiplexed and sequenced
on the NovaSeq 6000 (lllumina) at Macrogen Japan using the 150-bp
paired-end mode. The Cell Ranger v.7.0 pipeline from 10x Genomics
was used to align reads to the mm10 genome assembly and produce
feature matrices. To adjust for downstream effects of ambient RNA
expression within mouse nuclei, we used CellBender v.0.1.0 (ref. 72) to
remove counts due toambient RNA molecules from the count matrices
and estimate the true nuclei. Seurat v.4.3.0 (ref. 73) was used for quality
control, analysis of individual feature matrices, integrated analysis of

all eight samples (dim = 8, resolution = 0.5 for liver, dim = 30, resolu-
tion =1.2 for iWAT) and generation of the UMAP plot.

Trajectory inference analysis

To study differentiation within the adipose cell subsets, we per-
formed trajectory analysis using Slingshot™. We first subsetted our
Seurat object toinclude only mature iWAT adipocyte clusters in SPF
LPD-treated cells (adipocyte 10, adipocyte 03, adipocyte 07, adipo-
cyte 05, adipocyte 09, adipocyte 02, beige adipocyte, adipocyte 12,
adipocyte 11, adipocyte 01, adipocyte 06, adipocyte 08 and adipocyte
04). After subsetting, we converted the Seurat object into a SingleCell-
Experiment object (v.1.26.0) using the as.SingleCellExperiment func-
tion and computed pseudotime lineages using Slingshot (v.2.12.0)
on the UMAP embeddings”™. We next computed a cell-cell transi-
tion matrix and identified lineage driver genes using CellRank™. The
Seurat object, along with Slingshot pseudotime coordinates, was
converted to an AnnData object with Seurat’s Convert function for
analysis in Python. Of the four lineages identified by Slingshot, we
selected cells belonging to the beige-adipocyte lineage (lineage 2).
Within this lineage, we computed cell-cell transition probabilities
using the PseudotimeKernelin CellRank (v.2.0.5), whichincorporates
both ak-nearest neighbours (k-NN) graph (30 principal components
and 50 nearest neighbours) and the Slingshot pseudotime ordering.
We used the resulting cell-cell transition matrix to estimate fate
probabilities and identify key driver genes within the beige-cell line-
age. We fit the generalized perron cluster cluster analysis (GPCCA)
estimator on the pseudotime kernel, assigning beige adipocyte as
the terminal state. We finally computed beige-adipocyte fate prob-
abilitiesand identified genes correlated with these fate probabilities
using the compute_lineage_drivers function, with default parameter
settings. To further study these lineage driver genes, we visualized
their expression along the beige-cell lineage and performed pathway
enrichment analysis. We visualized gene-expression trends by fit-
ting the expression of lineage driver genes along pseudotime using
generalized additive models.

snRNA-seq analysisinliver

Nuclei were collected from frozen liver tissues (approximately
50-60 mg) using Singulator 100 (S2 Genomics, with the inbuilt pro-
gram Single-Shot Standard Nuclei Isolation V2) and buffers according
to the 10x Genomics protocol (Demonstrated Protocol: NucleiIsola-
tion for Single Cell Multiome ATAC + GEX Sequencing). The resulting
suspensions including nuclei were filtered through a 30-um strainer,
stained with acridine orange-propidiumiodide (Logos Biosystems),
and counted ina LUNA-FX7 toidentify intact nuclei. Nuclei were imme-
diately loaded onto the 10x Chromium controller (10x Genomics)
according to the manufacturer’s protocol. For each sample (GF + CD,
GF +LPD, SPF + CD, SPF + PD; n =2 mice; 8 samples in total), 8,000
nucleiwere loaded onto one channel of a Chromium Chip (10x Genom-
ics). The Chromium Next GEM Single Cell 3’ v.3.1 Chemistry (single
index) was used to process all samples.

FDG-PET scans

Twenty-five healthy male volunteers (age: 20 to 47 years) were recruited
toinvestigate therole of the gut microbiotainbeige-cell accumulation.
All participants were thoroughly briefed on the study and provided
written informed consent. The protocols were approved by the Insti-
tutional Research Ethics Review Board of Tenshi College (Sapporo,
Japan) (UMIN0O00016361). Human brown- and beige-cell activity was
assessed using a FDG-PET scan (Aquiduo, Toshiba Medical Systems)
following standardized non-shivering cold exposure, as described pre-
viously””’®. Allindividuals fasted for 12 hbefore undergoing the PET-CT
scan. After 1 h of cold exposure, volunteers received an intravenous
injection of ®F-FDG (1.66-5.18 MBq per kg body weight) and remained
inthe cold roomfor an additional hour. Brown- and beige-cell activity



was evaluated by measuring the standardized uptake value (SUV) of
BE.FDG and Hounsfield units from -300 to -10 in the supraclavicular
region using Fusion software (Toshiba Medical Systems). Faecal sam-
pleswere collected from all participants and stored at Keio University
following the protocol approved by the Institutional Review Boards
(approval number 20150075).

Bacterial isolation and generation of gnotobiotic mice

Human and mouse faecal samples and intestinal contents were sus-
pended in an equal volume (w/v) of PBS containing 20% glycerol,
snap-frozen in liquid nitrogen and stored at —80 °C until use. To
inoculate into GF mice, the frozen stocks were thawed, suspended
in mGAM broth and filtered through a 100-pum cell strainer, and an
aliquot (approximately 2-5mgin 250 pl per mouse) was orally inocu-
lated into GF mice. To identify beige-cell-inducing bacterial strains
associated with mice or humans, small-intestinal contents from the
B28-1 mouse or faecal samples from mice colonized with T10 or T19
human microbiota were serially diluted in PBS and plated onto non-
selective and selective agar plates. EG, BHK and BBE media were used
for the isolation of human-derived strains, and BL, mucin, YCFA-GSC,
marine and TSAwere used in addition for the isolation of mouse-derived
strains. After incubating under anaerobic conditions (80% N,, 10% H,
and 10% CO,) in an anaerobic chamber (Coy Laboratory Products) or
under aerobic conditions at 37 °C for 2 to 7 days, individual colonies
were picked. The full-length 16S rRNA gene region was amplified using
universal primers (27Fmod: 5-AGRGTTTGATYMTGGCTCAG-3’,1492R:
5-GGYTACCTTGTTACGACTT-3’) and Sanger sequenced. Theresulting
strainsequences corresponding to the first half (approximately 0.8 kb)
were aligned and compared using BLAST to identify closely related
species or strains. Individual isolates were classified as a strain if their
16SrRNA gene sequences exhibited 100% identity. The sequences were
also compared with amplicon sequence variants (ASVs) identified in
small-intestinal samples from mouse B28-1 and faecal samples from
mice T10-4, T10-5, T19-5and T19-6 to identify their corresponding ASVs.
Note that the 16S rRNA gene sequences of mouse B28-1-derived St.27G3
and St.80E1 are most similar to those of Blautia pseudococcoides and
Turicibacter sanguinis but share only 93% and 97% similarity, respec-
tively, indicating that they represent previously undefined strains.
For convenience, werefer to these isolates as Blautia sp. (St.27G3) and
Turicibactersp. (St.80E1) throughout this manuscript. The closest spe-
cies of human-derived St.4 was Anaerofustis stercorihominis, but with
less than 98% sequence identity, indicating that this also represents
previously undefined strain. We refer to this isolate as Fubacteriaceae
sp. (St.4).

To prepare bacterial mixtures for inoculation into GF mice, individual
strains were cultured to confluencein mGAM broth or BHKRS agar, and
equal volumes of the resulting bacterial suspensions were mixed. Spe-
cificsupplements were added to support the growth of certain strains:
0.1% fumarate, 0.1% formate and 0.5 pg ml™ vitamin K were added for
Parasutterellaceae (St.1A3); 0.1% fumarate, 0.1% formate, 0.5 pg ml™
vitamin K and 0.1 mg ml™ sodium sulfate were added for Blautia sp.
(St.27G3), Eggerthellaceae (St.1H8) and Taurinovorans muris (8H4); and
1mg ml™ glycine and 1 mg ml™ glutamate were added for Parvibacter
caecicola (St.1B6). For Bilophilasp.4_1_30 (St.14) and Ruthenibacterium
lactatiformans (St.32), cultures were supplemented with 0.1% fumarate,
0.1% formate, 0.5 pg ml'vitaminK, 0.1 mg ml” sodiumsulfate,1 mg ml™*
glycine and 1 mg ml™ glutamate. In some experiments, 1% taurine was
addedfor Bilophilasp.4_1_30 (St.14) or 1% arginine was added for Adler-
creutzia (St.3). The bacterial mixtures were administered orally to GF
mice, delivering approximately 1 x 108 to 1 x 10° colony-forming units
(CFU) of each strainin 250 pl of medium per mouse. All mice receiving
the same mixture of bacterial strains were housed together inasingle
gnotobiotic isolator. Gnotobiotic mice were analysed 4 or 6 weeks
afterinoculation unless otherwise indicated. Colonization was evalu-
ated through direct smears of faecal suspensions and qPCR analysis of

faecal and caecal DNA, using the extraction method described in the
‘16S rRNA gene amplicon sequencing’ section below. Strain-specific
primers were used:

Mouse-derived 20 strains:

St.1A1: 5’-ACATGCAAGTCGAACGGGAT-3’, 5-CTCATGTGGAACAT
CCGGCA-¥

St.1A11: 5-TGCTTGCACTCACCGATAAA-3’,5'-CGGTATTAGCACCT
GTTTCCA-3’

St.1A3: 5-GAACGGTAACAGCGAGGAAA-3/, 5-CATCCTTTCGGATG
GTTGTC-3’

St.1A6: 5-CGAGCGAGCTTGCCTAGATG-3’, 5-CACGTGTTACTCAC
CCGTCC-3’

St.1B6: 5-CAGTGGGGACGATGGTGAC-3’, 5’-CGCTCCCTACGTA
TTACCGC-3’

St.C4:5’-AAGGCCTTCGGGTCGTAAAG-3’,5-GCACGTAGTTAGCC
GTGACT-3'

St.1H8: 5"-GGAATAGAGTGGCGAACGGG-3’, 5-CATCCCTTGCCG
TCGGG-3’

St.4A1:5-GAAACTGCCTGATGGAGGGG-3’,5-GAAGGTCCCCCACTT
TGGTC-3’

St.4B7:5-GACGAAGCCACTTGTGGTGA-3’,5’-ATTTCACAGACGACGC
GACA-3

St.4D1: 5-GGCGGATTTATCTGCCGCTC-3", 5-CTATGCATCGTCGCC
TTGGT-3’

St.4D3: 5-GGGAAGAAGCCCCTTTTGGG-3/, 5-TTGCGCCCTACGT
ATTACCG-3’

St.4H5: 5-GATAACTCCGGGAAACCGGG-3’, 5-ACAGCCGAAACCGT
CTTTCA-3

St.4H6:5-ACAGCCGAAACCGTCTTTCA-3’,5-TCTCCACATGGAGGG
GGAAG-3’

St.8H4:5-ACGTATGTGGGAAAGACGGC-3’, 5-AACCATCGTCGCC
TTGGTAG-3’

St.18E8:5-AAAGGAGGGGAGTCAGCAAT-3',5-ACAGAGTCCTCTGCTT
CACCA-3

St.19E12: 5’-CGGCACATGATACTGCGAGA-3’, 5-TTAATGTCCAGGA
ACCCGCC-¥

St.21A7:5-GCGAAGCACTTTGATTGGAT-3’, 5’-CGCGGTCTTATGCG
GTATTA-3’

St.21B5: 5-TGAAGGCTTGCCTTTACCAG-3’,5-ATGTCCCGTCGATGC
ATTAT-3’

S$t.27G3:5-GCAAGTCGAACGAAGCATTT-3',5-TGTTGTCCCCCTGTGT
AAGG-3’

St.80E1: 5-ATGCAAGTCGAGCGAACCAC-3’, 5-TAGCGATCGTTTCC
AATCGT-3’

Human-derived T19 33 strains:

St.1: 5-TGGCGAACGGGTGAGTAATA-3’, 5’-CACCATGCAGTGTC
CATACCT-3’

St.2: 5-AGTAACGCGTGGGTAACCTG-3’, 5-TGCGATACTGTGCG
CTTATG-3

St.3: 5-TTCGGCCGTGTATAGAGTGG-3’, 5-GTATTAGCCGCCGTT
TCCAG-3’

St.4: 5-AACGGGTGAGTAACGCGTAG-3’, 5-ATCATGCGATAGCG
TGGTCT-3’

St.5: 5-GCCCTATACAGGGGGATAACA-3’, 5-TACTGCCAGGGCTT
TTCACA-3’

St.6: 5-GAGCAACCTGCCTTTCAGAG-3, 5-GATTGCTCCTTTGGTT
GCAG-3’

St.7:5-AAAGCTTGCTTTCTTTGCTG-3’, 5-AACCATGCGGAATCAT
TATGC-3’

St.8:5-GTTTGCTTGCAACTGAAGATGG-3",5-AAAGGCTATTCCGGAGT
TATCG-3’

$t.9:5-CGGGTGAGTAACACGTATCCA-3’, 5- TGCGGAAGAATTATGC
CATC-3’

St.10: 5’-CGTATCCAACCTGCCGTCTA-3’, 5-TCATGCGGACATGTG
AACTC-3
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St.11: 5-AAGCTTGCTTTGATGGATGG-3’, 5-TTCGAAAGGCTATCC
CAGTG-3’

$t.12: 5"-ACGTATCCAACCTGCCGATA-3’, 5-CAAGACCATGCGGTCT
GATT-3'

St.13: 5-TTAGCTTGCTAAGGCCGATG-3",5’-CCTTTCAGAAGGCTGTC
CAA-3

St.14:5-GGGTGAGTAACGCGTGGATA-3’, 5"-ATCGGGAGCGTATTCG
GTAT-3’

St.15: 5"-TGAGTAACGCGTGAGCAATC-3’, 5"-TCAAGAGATGCCTC
CCAAAC-3

$t.16: 5""-TGGGGAATAACAGGTGGAAA-3’, 5'-GAGCGATAAATCTT
TGGCAGTC-3’

$t.18: 5-CATGTGTCCGGGATAACTGC-3’, 5-CCTTGATGGGCGCT
TTAATA-3'

$t.19: 5-TGGCGAACGGGTGAGTAATA-3’, 5-CCCTTCACCTATGC
GGTCTT-3’

$t.20: 5-CTGTACCGGGGGATAACACTT-3", 5-CCACCGGAGTTTTT
CACACT-3

St.21: 5-GGAAAAAGAAGAGTGGCGAAC-3",5-CGGTATTAGCACCTG
TTTCCA-3’

$t.22: 5-TTTTCTTTCACCGGAGCTTG-3’, 5-CGCCTTTCAACTTT
CTTCCA-3’

$t.23: 5-TGGCGAACGGGTGAGTAATA-3’, 5-TGTCCGTACCTATG
CGGTCT-3’

St.24: 5-GATGAAGGATATGGCGACTGA-3, 5-GGCCTTATGCGGT
ATTAGCA-3’

St.25: 5'-GATTCGTCCAACGGATTGAG-3’, 5'-GCATCATGCGGT
ATTAGCACT-3’

$t.26: 5"-AACGGGTGAGTAACACGTGAG-3", 5-TTGCTCCTTTTCC
CTCTGTG-3’

$t.27: 5"-AGTAACGCGTGGGTAACCTG-3", 5'-ACCGGAGTTTTTCA
CACCAG-3’

St.28: 5-GCGGATCTTCGGAAGTTTTC-3/, 5-ACCGGAGTTTTTCAC
ACCAG-¥

$t.29:5-TGGCGAACGGGTGAGTAATA-3’,5-GTCCCCCTCTTTCTTC
CGTA-3

$t.30:5-AGTAACGCGTGGGTAACCTG-3',5-CCACCGGAGTTTTTCA
CACT-3'

S$t.31: 5-AGCGATTCTCTTCGGAGAAG-3’, 5-GCAAAAGCTTTGATA
CTTCT-3’

$t.32: 5-TTTCAGTGGGGGACAACATT-3’, 5"-AAATCCTTTGACCC
CTGTGC-3’

St.34:5-TTAGTTTGCTTGCAAACTAAAG-3’, 5-CCATGCGGTTTTAA
TATACC-3’

$t.35: 5-GACGGATTTCTTCGGATTGA-3’, 5-ACCGGAGTTTTTC
ACACCAG-3'.

16S rRNA gene amplicon sequencing

Frozen small-intestinal and caecal contents and faecal pellets from mice
were thawed and suspended in 500 ml TE10 (10 mM Tris-HCI, 10 mM
EDTA) buffer containing RNase A (final concentration of 100 pg ml ™,
Invitrogen) and lysozyme (final concentration 3.0 mg ml™, Sigma).
The suspension was incubated for 1.5 h at 37 °C with gentle mixing.
Then, sodium dodecyl sulfate (final concentration 1%) and proteinase
K (final concentration 2 mg ml™, Nacalai) were added to the suspension
and the mixture was incubated for 1 h at 55 °C. High-molecular-mass
DNA was extracted with phenol:chloroform:isoamylalcohol (25:24:1),
precipitated with isopropanol, washed with 75% ethanol and resus-
pended in 50-200 ml of TE or sterile Milli-Q water. PCR was per-
formed using 27Fmod 5’-AGRGTTTGATYMTGGCTCAG-3’ and 338R
5-TGCTGCCTCCCGTAGGAGT-3’ to the V1-V2region of the 16S rRNA
gene. Amplicons generated from each sample (around 330 bp) were
subsequently purified using AMPure XP (Beckman Coulter). DNA
was quantified using a Quant-iT Picogreen dsDNA assay kit (Invitro-
gen) and a TBS-380 Mini-Fluorometer (Turner Biosystems). The 16S

metagenomic sequencing was performed using MiSeq according
to the Illumina protocol. Two paired-end reads were merged using
the fastg-join program based on overlapping sequences. Reads with
an average quality value of less than 25 and inexact matches to both
universal primers were filtered out. Filter-passed reads were used for
further analysis after trimming off both primer sequences. For each
sample, 3,000 quality filter-passed reads were rearranged in descend-
ing order according to the quality value, and then the trimmed reads
were uploaded to the DADA2 R package v.1.18.0 to construct ASVs
using the filterAndTrim function with standard parameters (maxN =0,
truncQ = 2and maxEE = 2). Possible chimeric reads were removed with
the removeBimeraDenovo function of DADA2. Taxonomic assignment
of each ASV was made by searching by similarity against the National
Center for Biotechnology Information RefSeq and genome database
using the GLSEARCH program.

Bacterial whole-genome sequencing

Whole-genome sequencing was performed using the Sequel Il sys-
tem (PacBio). The library was prepared using the SMRTbell Express
template preparation kit v.2.0 (PacBio) following DNA shearing to a
target length of 10-15 kb using gTUBE (Covaris). The PacBio reads were
converted to HiFireads using CCS software v.6.2.0. The HiFireads for
the mouse-derived strains were assembled using both Canuv.2.1.1and
Flye v.2.9 with the following parameters: Canu (-pacbio-hifi, genom-
eSize =2.5M, minReadLength = 2200) and Flye (-g 2.5 m, --min-overlap
2200, --pacbio-hifi). Contigs from the Canu assembly were used as
genomes for analysis when consensus was reached between the two
assemblers. The generated consensus contigs generated were checked
for circularization to remap the HiFi reads by Minimap2 v.2.24-r1122.
For human-derived strains, HiFi reads were assembled using Hifiasm
v.0.19.5-r587 with default parameters. Contigs aligned to other contigs
with99%identity or higher and 95% coverage or higher were considered
asbubble contigs. Contigs with low depth (lessthan 5) and bubble con-
tigs were eliminated. The genes were predicted and annotated using
Bakta v.1.5.1 (ref. 79). Further functional annotation was performed
using eggNOG-mapper (version emapper-2.1.10)%° based on eggNOG
orthology data® and a DIAMOND search algorithm®.,

Bile acid and metabolomics analysis

For untargeted metabolomic analysis, plasma and ileal samples
were suspended in 400 pl methanol per 100 pl plasma volume or per
100 mgofileal contents. A40-pl aliquot was subjected to asingle-layer
extraction, followed by untargeted LC-QTOF/MS analysis as previ-
ously described®. For targeted metabolomic analysis focusing on bile
acids, 30 ml of plasma was mixed with 968.5 ml of 0.2 M NaOH and
sonicated for 10 min in a vial containing 1.5 ml of the internal stand-
ards (d4-CA, d4-GCDCA, d4-TCDCA, d4-CDCA-3S and d4-LCA; each at
10 pM). lleal content samples were resuspended in 20 or 2,000 times
the volume of water. One hundred millilitres of the diluted luminal
suspension was homogenized in 897 ml of 0.2 M NaOH by ultrasonica-
tionforlhinascrew-cap glass vial containing 3 ml deuterium-labelled
internal standards (d4-CA, d4-GCDCA, d4-TCDCA, d4-CDCA-3S and
d4-LCA;10 mMeach). After Lh ofincubation at room temperature, the
pH was adjusted to 8.0 using 12 M HCl and mixed with 110 pl of 0.5M
EDTA/0.5 M Tris-HCI. The pH was checked and adjusted as needed
with 17 pl of 12 M HCI. The mixture was centrifuged at 15,000 rpm for
10-20 min, and the supernatant was loaded onto asolid-phase extrac-
tion cartridge (Agilent Bond Elut C18,100 mg/3 ml), preconditioned
with 1 ml of methanol and 3 ml of water, repeated three times. The
cartridge was washed with 1 ml of water, and the bile acids were eluted
with 600 pl of 90% ethanol. For quantification of bile acids, 2 pl of the
eluted sample wasinjected intoaliquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS) system (Tri-
ple Quad 6500+ tandem mass spectrometer, equipped with an ESI
probe and Exion LC AD ultra-high-pressure liquid chromatography



system; SCIEX). An InertSustain C18 separation column (150 mm x
2.1mmID, 2 pm particle size; GL Sciences) was used, maintained at 40
°C. The eluent consisted of a mixture of double-distilled water with
0.01% formic acid, 10 mM ammonium acetate and 20% acetonitrile
(mixture A), and amixture of 30% acetonitrile and 70% methanol (mix-
ture B). Separation was achieved using alinear gradient elution ataflow
rate of 0.2 ml per min, with the following gradient profile: 30-45% B
(0-14 min), 45-65% B (14-25 min), 65-75% B (25-35 min), 75-100% B
(35-35.1min), 100% B (35.1-40 min), 100-30% B (40-40.1 min) and
30% B (40.1-45 min). The total run time was 45 min. LC-ESI-MS/MS
was operated under the following conditions. For positive-ion mul-
tiple reaction monitoring (MRM) mode: ion spray voltage, 5,500 V;
interfacetemperature, 400 °C; curtain gas, 25 psi; collision gas (nitro-
gen), 10 psi; ion source gas 1, 60 psi; and ion source gas 2, 40 psi. For
negative-ion MRM mode: ion spray voltage, -4,500 V; interface tem-
perature, 400 °C; curtain gas, 25 psi; collision gas (nitrogen) 10 psi; ion
source gas1, 60 psi; andion source gas 2,40 psi. Data acquisition was
performed using Analyst v.1.71, and data analysis was done with SCIEX
0S-MQv.2.1.0.55343. Samples with values below the limit of detection
are designated as not detected (ND), and a value corresponding to
one-half of the detection limit was imputed for statistical analyses.

Measurement of orally administered *C, palmitic acid in plasma
SPF C57BL/6 mice were fed a control diet or an LPD for 7 weeks. After
fasting for 3 h, palmitic acid-1,2,3,4-*C, (Sigma), suspended in corn
oil (Sigma), was orally administered at a dose of 250 mg per kg body
weight. Plasma samples were collected at 0, 0.5,1,2, 4, 6,9 and 24 h
after administration and stored at —80 °C until fatty acid extraction.
Twenty microlitres of plasmawas mixed with 200 pl of methanol con-
taining 5 ng ml™ d,-linoleic acid as aninternal standard, vortexed and
incubated for 10 min at 4 °C. After centrifugation at 15,000 rpm for
5min at 4 °C, the supernatant was transferred to a new 1.5-ml tube
containing 800 pl of 0.1 % formic acid, and the mixture was applied
to a polymeric reversed-phase sorbent column (Oasis HLB, 60 mg,
3 cc, Waters; WAT094226). The column was sequentially washed with
3 ml of 0.1% formic acid, 3 ml of 15% ethanol and 1 ml hexane, and the
analytes were eluted with 600 pl methanol. The eluate was evaporated
to dryness, and the residue was reconstituted in 40 pl methanol and
transferred toan LC-MS vial. Quantification of plasmaC,-palmiticacid
was done using an LC-ESI-MS/MS system composed of an ExionLC AD
system (AB SCIEX) coupled to a Triple Quad 6500+ mass spectrometer
(ABSCIEX) equipped withan ESIsource. Chromatographic separation
was doneona CORTECS UPLC C18 column (150 x 2.1 mm, 1.6 um particle
size; Waters) maintained at 40 °C. The injection volume was 2 ml per
sample. Gradient elution was performed using abinary solvent system
consisting of eluent A (ultrapure water containing 0.1% formicacid and
5mM ammonium acetate) and eluent B (acetonitrile) under the follow-
ing conditions: 0 min, 58% B; 5 min, 60% B; 10 min, 70% B; 20 min, 78%
B; 25 min, 100% B; 30 min, 100% B; 30.1 min, 58% B; and 35 min, 58% B.
The flow rate was set to 0.3 ml per min. Mass-spectrometry conditions
were as follows: curtain gas, 25 psi; collision gas, 9 psi; ion spray volt-
age, —4,500 V; temperature, 300 °C; ion source gas 1, 50 psi; and ion
source gas 2,80 psi. Dataacquisition was performed using Analyst (AB
SCIEX), and data analysis was done using SCIEX OS-MQ (AB SCIEX).

Invitro bile acid transformation

Individual bacterial strains, derived from mouse and human micro-
biota, were streaked on BHK agar plates. A single colony of each strain
wasinoculated into mGAM broth, with supplements added for certain
strains to support growth (as described above). Overnight cultures
were then diluted 100 times and incubated with 50 uM taurocholic
acid (tauro-CA) at 37 °C for 48 h in mGAM or mGAM-based medium
containing varying concentrations of mGAM protein, asindicated. All
culturing and assays were done in an anaerobic chamber (Coy Labo-
ratory Products) with an atmosphere of 80% N,, 10% H, and 10% CO.,.

After 48 h, 200 pl of each bacterial suspension was collected for bile
acid extraction. To each 40-pl aliquot of the suspension, 33 plof 6.0 M
NaOH, 10 uMinternal standard and 924 pl of Milli-Q water were added,
followed by 10 min of sonication. Then, 110 pl of 0.5 MEDTA/0.5 M Tris
buffer (pH8) and 17 pl of 12 MHCl were added, adjusting the pH to neu-
tral as needed. Samples were purified on columns pre-activated with
1 mlmethanol and washed twice with 3 mI Milli-Q water. After loading,
samples were washed six times with 3 ml Milli-Q water, and residual
water was removed by adjusting the flow rate. Finally, 600 pl of 90%
ethanol was applied to elute bile acids, and samples were collected in
vials for LC-MS/MS quantification.

Invitroammonia production

Individual bacterial strains of both mouse and human origin were evalu-
ated for their capacity to produce ammoniain vitro. Strains were first
revived from glycerol stocks and streaked onto BHK agar plates under
anaerobic conditions. After 3 days of incubation at 37 °C, asingle colony
fromeachstrainwasinoculated into mGAM broth supplemented with
asupplement mix (0.1% fumarate, 0.1% formate, 0.5 pg ml™ vitaminK,
0.1 mg ml™sodium sulfate and 1% taurine). After 2 to 3 days of anaerobic
incubationat 37 °C, the cultures were diluted in either complete mGAM
(containingall supplements) or 10% mGAM (diluted with Milli-Q water
and supplemented with the same mixture). Samples were incubated
forlhat37 °Cunderanaerobic conditionsinindividual sealed tubes to
prevent cross-contamination by gaseous ammonia. Bacterial growth
kinetics were monitored throughout the incubation period. Culture
supernatants were diluted 25-fold with Milli-Q water, and ammonia lev-
elswere measured using the Urease Activity Assay Kit (Sigma-Aldrich,
MAK120) according to the manufacturer’s instructions.

Bacterial metatranscriptomic analysis

Extraction of total RNA from the caecal contents of T19-derived
33-mix-colonized mice fed either a control diet or an LPD was done
using the NucleoSpin RNA kit (Macherey-Nagel) according to the
manufacturer’s instructions. Libraries for RNA-seq were prepared
using TruSeq Stranded mRNA Library Prep (Illumina) and sequenced
using HiSeq X (Illumina) or NovaSeqXPlus at Macrogen Japan using
the 150-bp paired-end mode. The sequenced paired-end reads were
quality-controlled using Trimmomatic® v.0.39 with ‘2:30:10 LEAD-
ING:20 TRAILING:20 SLIDINGWINDOW:4:20 MINLEN:30’ parameters.
The quality-controlled reads were mapped to concatenated reference
genome sequences of the T19-derived 33 stains using STAR v.2.7.10b
with ‘outFilterMultimapNmax: 20 alignintronMax: 1’ parameters.
Aligned sorted bam files were generated using SAMtools v.1.19.2 and
visualized using Integrative Genomics Viewer v.2.17.4. The read counts
for each gene were obtained using featureCounts® Rsubread 2.12.3
with ‘countMultiMappingReads=TRUE,fraction=TRUE’ parameters
and normalized by bacterial abundance using the absolute DNA level
of each strain compared to the total bacteria quantified by qPCR
using 16S rRNA primers as previously described®®. The differential
expression analysis was performed using DESeq2 v.1.38.3 (ref. 87)
with cut-off adjusted P < 0.05. Upregulated genes of St.3, St.4, St.14
and St.31 were used for enrichment analysis using the enricher func-
tion of clusterProfiler v.1.38.3 (ref. 88) against all KEGG pathways
included in (1) metabolism, (2) genetic information processing,
(3) environmental information processing and (4) cellular processes.

Generation of Bilophila sp.4_1_30 (St.14) mutants

The nrfA (geneid: OMIHGE_02465) gene-deletion mutant of Bilophila
sp.4_1.30 (St.14) was generated ina manner similar to that used for the
Nitratidesulfovibrio vulgaris ‘marker-exchange’ mutant, as previously
described®*°and as shownin SupplementaryFig. 7. First,a Aupp mutant
Bilophila strain lacking uracil phosphoribosyltransferase (upp, gene
ID: OMIHGE_01720) was generated. Subsequently, amarker-exchange
mutant (Aupp, AnrfA::(cat upp)) was generated from the parent Aupp
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strain by electroporation-mediated plasmid introduction and selection
with 5-fluorouracil (5-FU) and chloramphenicol. To generate the Aupp
mutant, approximately 0.9-kb sequences flanking the coding region
were amplified by PCR (primers are listed in Supplementary Table 7)
and clonedinto the Pstland Sallsites of the pBluescriptlISK+ using HiFi
DNA Assembly (NEB) as per the manufacturer’s protocol, to ultimately
generate aupp deletion cassette. The electroporation was carried out
inatotal volume of 80 mlwithan ELEPO21 Electroporator (Nepa Gene)
in1-mm gapped electroporation cuvettes at 1,500-2,000 V with the
defaultsettings. The cells were allowed torecover in1 m mGAM broth
supplemented with 1% taurine overnight at 37 °C, after which 50 pl
of the bacterial suspension was plated on mGAM agar containing 1%
taurine and 40 mg ml™ 5-FU and incubated for 4 days under anaerobic
conditions. The 5-FU-resistant colonies were selected and the deletion
of the upp gene was verified both by PCR and by culturing on mGAM
agar containing 40 mg ml™ 5-FU. To generate a nrfA mutant Bilophila
strain, a marker-exchange plasmid was constructed containing the
pUC origin of replication, the ampicillin resistance gene (for selection
in Escherichia coli DH5a), a1.5-kb region upstream of the nrfA gene,
the chloramphenicol resistance gene (cat, encoding chloramphenicol
acetyltransferase) and its promoter, aupp gene cassette driven by the
kanamycin resistance gene promoter (Paphlla), and a 1.5-kb region
downstream of the nrfA gene. The marker-exchange plasmid was intro-
duced into the Aupp strain by electroporation under the same condi-
tions described above. Bacterial cells were allowed to recover overnight
in mGAM broth supplemented with 1% taurine. Subsequently, 50 pl
of the bacterial suspension was plated onto mGAM agar containing
1% taurine and 80 pg ml™ chloramphenicol, and incubated for 5 days
under anaerobic conditions. The resulting colonies were picked and
suspended in mGAM in 1.5-ml tubes, and each suspension was spot-
ted onto two mGAM agar plates: one containing 80 pg ml™ chloram-
phenicol alone and the other containing 80 pg ml™ chloramphenicol
and 40 pg ml™ 5-FU. Colonies that were resistant to chloramphenicol
and sensitive to 5-FU were selected, and deletion of the nrfA gene was
confirmed by PCR and Sanger sequencing. In Fig. 6f-i and Extended
Data Fig. 11, the Aupp, AnrfA::(cat upp) strainis referred to as AnrfA,
and the parental Aupp strain is referred to as wild type.

Protein homology search for 7aHSDH

We used mmseq?2 (version ffb05619cadadd8655b8719818ed566
caaa6d0a6) to align three experimentally validated 7aHSDH protein
sequences to all proteins from R. timonensis (St.31), A. equolifaciens
(St.3), Bilophila sp.4_1_30 (St.14), and Eubacteriaceae sp. (St.4). The
protein from each isolate that aligned best to each reference protein
was plotted in a heat map using the pheatmap package.

Protein homology search to NrfA
Allproteinsencoded in the genomes of the 33 humanisolates were anno-
tated using eggNOG-mapper (v.2.1.12). Proteins annotated as NrfA were
further analysed using SignalP 6.0 to identify and categorize putative
signalsequences. If multiple proteins withinagenome were annotated as
NrfA, only the one most homologous to the eggNOG-mapper-assigned
reference NrfA was included in the analysis. SP stands for the ‘stand-
ard’ secretory signal peptide putatively transported by the Sec trans-
locon and cleaved by signal peptidase I, whereas LSP indicates the
lipoprotein signal peptide known to be transported by the Sec trans-
locon and cleaved by signal peptidase Il. Percentage identity indicates
sequence homology to the closest NrfA reference protein assigned
by eggNOG-mapper, as calculated by DIAMOND BLASTP. The E-value
(expected value), also computed by DIAMOND BLASTP, represents the
number of chance alignments with an equal or greater bit score. Length
referstothe predicted length of the protein from eachisolate that best
aligns to NrfA, as determined by eggNOG-mapper.

InExtended DataFig.10e, Unified Human Gastrointestinal Genome
(UHGG) v.2.0.2 reference genome eggNOG annotations were

downloaded from https://ftp.ebi.ac.uk/pub/databases/metagenom-
ics/mgnify_genomes/human-gut/v2.0.2/species_catalogue/. GTDB-Tk
v.2.4.0 wasused toidentify and align120 bacterial genes across allUHGG
reference genomes. FastTree with the parameter ‘-Ig’ was used to create
the phylogenetictree. All proteinsin UHGG annotated as NrfA by egg-
NOG annotation were also run through SignalP to annotate the signal
sequence.

Similarly, all predicted proteins from the genome sequences of the
20 mouse-derived isolates were annotated using eggNOG-mapper
(v.2.1.12). Proteins annotated as NrfA homologues were aligned to the
NrfA protein of human Bilophila sp.4_1_30 (St.14) using BLASTP, and
their signal sequences were classified with SignalP.

Human hepatocyte organoids

To evaluate the induction of FGF21 in vitro, we used human hepato-
cyte organoids, as previously described*®. In brief, organoids were
established from commercially available cryopreserved primary
human hepatocytes cultured in Matrigel at 37 °C and 5% CO,. Orga-
noids were cultured for 14 days in expansion medium consisting of
Advanced DMEM/F12 supplemented with penicillin-streptomycin,
10 mM HEPES, 2 mM GlutaMAX, 1x B27 (Thermo Fisher Scientific),
10 nM gastrin I (Sigma), 1 mM N-acetylcysteine (FUJIFILM Wako Pure
Chemical), 20% afamin/WNT3A serum-free conditioned medium®,
5% RSPO1-conditioned medium®, 50 ng ml™ mouse recombinant
EGF (Thermo Fisher Scientific), 25 ng ml™ human recombinant HGF
(PeproTech), 100 ng ml™ human recombinant FGF-10 (PeproTech),
25 ng mlI™ mouse recombinant noggin (PeproTech), 5 uM A83-01
(Tocris), 10 uM forskolin (Cayman Chemical) and 20 ng ml™ oncostatin
M (PeproTech). Subsequently, the cultures were transitioned to dif-
ferentiation medium, which excluded afamin/WNT3A, RSPO1, nog-
gin and oncostatin M but was supplemented with 10 ng ml™ growth
hormone (PeproTech), 10 ng mI” prolactin (PeproTech),100 ng ml™
cortisol (Selleck) and 10 uM DAPT (Selleck). Ammonium chloride
(FUJIFILM Wako Pure Chemical) was added to the differentiation
medium at theindicated concentrations. After 14 days of differentia-
tion, organoids were collected and subjected to qPCR with reverse
transcription (RT-qPCR). cDNA was synthesized from 0.1 pg total
RNA and qPCR was performed as described above. The following
primer pairs were used: GUSB: 5-AGCCACTACCCCTATGCAGA-3’
and 5’-CCCTACGCACCACTTCTTCC-3’; FGF21: 5-ACTCCAGTCCTC
TCCTGCAA-3’ and 5-TGAATAACTCCCGGCTTCAAGG-3’; and CSAD:
5-TACCCGGATTGCAAGCAGAG-3’and 5’-CCATACCAATCTGCCTCTC
CAG-3’. GUSB (glucuronidase beta) served as the housekeeping gene
for normalization, enabling calculation of the relative expression of
FGF21and CSAD.

Statistical analysis

Statistical analyses were performed using Strand NGS v.2.7 and
DAVID for bulk RNA-seq data, R (v.4) for metatranscriptomic analy-
ses and Microsoft Excel and GraphPad Prism software v.9 for all
other analyses. Comparisons between two groups were done using
either the two-tailed unpaired Student’s ¢-test (parametric) or the
Mann-Whitney test (non-parametric), as appropriate. One-way
analysis of variance (ANOVA) followed by Benjamini-Hochberg
correction for multiple comparisons was used for all comparisons
between three or more groups, except for bile acid concentration
comparisons, which were analysed using the two-tailed Mann-
Whitney test for each comparison between two groups. For time-course
analysis of body weight, relative gene expression and blood glu-
cose, two-way ANOVA with Benjamini—-Hochberg correction was
used.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Genome sequences of the 20 mouse-derived and 33 human (T19)-
derived strains and metatranscriptomes have been deposited in the
DNA Data Bank of Japan under BioProject PRJDB19530. Data of bulk
RNA-seq and snRNA-seq are deposited in the DNA Data Bank of Japan
under BioProject PRIDB19694. We used the mm10 (GRCm38) mouse
genome. Source data are provided with this paper.

Code availability
No special code was developed for this analysis.
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|LPDsinducebeige cellsiniWAT. a, SPF B6 male mice
were fed diets with varying proportions of protein, carbohydrates, and fat for

6 weeks. Cox7al mRNA expressioniniWAT, normalized to Ppib, is shown along
withstacked bar graphsrepresenting each diet’s macromolecular composition
and total energy content (kcal/g). The left and right panels show results from
twoindependent experiments. b, H&E staining of iWAT from mice fed either a
control diet (CD,20% protein content) oraLPD (7% protein content) for 6 weeks.
c-e,SPF B6 mice were fed isocaloric diets containing various concentrations
of protein for 6 weeks. iWAT browning was assessed by evaluating Elovl3, and
Cox7al expression (c), UCP1protein expression via westernblotting (d), as well
as by examining cellular morphology through H&E staining and immunostaining
with ananti-UCP1lantibody and DAPI (e). f, SPF B6 mice were fed a 7% LPD for
theindicated durations, and mRNA expression of the indicated genes in iWAT
was quantified by qPCR. g,h, RNA was extracted from iWAT of mice feda CD
oranLPD fortheindicated duration, and gene expression were determined

by RNA-seq. GO terms of the genes are shown (g). Heat map shows relative
expression of genes upregulated in mice fed an LPD versus a CD for one week
(>2.5-fold with RPKM > 200). Fold change (LPD1w/CD1win DatasetA) is indicated
by the green heat map. Datainclude twoindependentdiet experiments
(datasets A and B), as well a positive control experimentin which f3-adrenergic
receptor (B3AR) agonist CL316,243 was administered intraperitoneally (20 pg
total permouse, given as asingle injection [“CL.x1"] or daily for 7 consecutive
days[“CL.x7"]) (h).i, SPF B6 mice were fed an LPD for the indicated durations,
and mRNA expression of the indicated genesininterscapular brown adipose
tissue (BAT) was quantified by qPCR. Each circle represents anindividual
mouse and the height of each bar represents the mean +s.d. or-Log,, Fisher’s
Exact P-value (g). Statistical test: one-way ANOVA with Benjamini-Hochberg
correction for multiple comparisons (a,f,i), two-tailed Mann-Whitney test for
each comparison (c) or atwo-sided Fisher’s Exact testin DAVID (g).
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Extended DataFig.2|Context-dependent iWAT browninginduced by LPDs.
a-j, SPFB6 mice werefeda7%LPD ora20% protein CD for 6 weeks or for the
indicated durations. Shown are body-weight changes from diet initiation to

4 weeks (a); MRI-evaluated whole-body fat mass (b); iWAT mass (c); representative
Tl-weighted MRIimages (fat appears white) (d), plasmaglucose and insulin
levels during OGTT (e), faecal energy contents evaluated on day 32 and 37 (f),
plasmalevels of orally administered 13C-labelled palmitic acid (g); representative
T1-weighted MRIimages of hindlimb muscles (h); MRI-evaluated whole-body
lean volume (i); and gastrocnemius muscle mass (j). k-m, Relative mRNA
expression of Ucpl, Elovl3, and Cox7al iniWAT in SPF B6 mice fed eithera CD

oranLPD.Shown are datafrom mice housed at theindicated temperatures (k);
7-week-old male and female mice (I); or male mice aged 4, 8,14, or 36 weeks at
dietinitiation (m). n, Eight-week-old male SPF B6 mice were fed an LPD for 6
weeks and then switched back to a CD for the indicated duration. Ucpl, Elovi3,
and Cox7al mRNA expression and histological analysis of iWAT were performed
attheindicated time points. Eachcirclein bar graphsrepresents anindividual
mouse, and bars show mean +s.d.Inlinegraphs, the mean +s.disshown.
Statistical analyses: two-way ANOVA (a,e, left; g,m), two-tailed unpaired t-test
(b,c,f,i,j), one-way ANOVA with Benjamini-Hochberg correction for multiple
comparisons (e, right; k,In).
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Extended DataFig. 3 |Metabolic effects of LPDs during or after HFD feeding.
a-j, SPF B6 mice were initially fed an HFD [either 60% kcal fat (a-e) or 32% kcal
fat (f-j), both containing 20% protein] for 2,4 or 9 weeks, and were subsequently
switched toa CD (20% fat,20% protein), an LPD (20% fat, 7% protein), or a HF/
LPD (32% fat, 7% protein) for theindicated durations. Longitudinal body-weight
changes areshown as the percentage of body weight relative to thatat the
initiation of HFD feeding (a,f). End-point analyses include UcpI expressionin
iWAT, normalized to Ppib or totalmRNA per iWAT depot (b,g); plasmalevels

of ALT, cholesterol, and triglycerides (c,h); liver histology assessed by H&E
staining (d); and faecal energy content measured by bomb calorimetry (i).
OGTTswere performed 7 days prior to euthanasia (e,j). LPD feeding was
associated withimprovementsin HFD-induced obesity, hepatic steatosis, and
glucoseintolerance without altering faecal caloric content; however, whether

theinduction of WAT browning directly contributes to these metabolic
improvements remains unclear. k-m, Eight-week-old SPF B6 male mice were
fed diets containing purified amino acids in place of natural protein for

6 weeks. Total dietary amino acid contentranged from 20% (equivalentto a
standard diet) to 2.5% (k); diets contained 20% or 2.5% total amino acids, or
2.5% essential or NEAAs (I); or totalamino acids were maintained at 20% while
theindicated EAAs wasreduced to 2.5% kcal (m). mRNA expression of the
indicated genes iniWAT was quantified by qPCR and normalized to Ppib. Each
circleinbar graphsrepresents anindividual mouse, and bars show mean +s.d.
Inlinegraphs, the mean +s.d is shown. Statistical tests: two-way ANOVA

(a,e fj), two-tailed Mann-Whitney test (b,g), two-tailed unpaired t-test (c,h,i)
or one-way ANOVA with Benjamini-Hochberg correction for multiple
comparisons (k-m).
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Extended DataFig. 4 |See next page for caption.
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Extended DataFig. 4 |Role ofbile acid-FXRsignalling in LPD-mediated
browning. a, Variousimmune cell subsets, including type 2 innate lymphoid
cells (ILC2s), y8 T cells, macrophages, and eosinophils, have beenimplicated in
WAT browning or activation of BAT. To assess their contribution to LPD-mediated
browning, we examined a panel of SPF mutant mice deficientin various
components of theimmune system. Relative Ucpl mRNA expression in iWAT
was used as areadout of browning. Rag2”Il2ry”" mice, whichlack both innate
and adaptive lymphocytes, exhibited unimpaired iWAT browning when fed an
LPD. Similarly, LPD-mediated browning was preservedin Tcrf7 Tcr6”" mice
(deficientin T cells), Thx21”" mice (deficient in type limmunity), Rorc”” mice
(deficientintype 17 immunity), /[47, 11337, or I[5-Cre;Rosa-DTA mice (deficient
intype2immunity), LysM-Cre;Rosa-DTA mice (deficientin myeloid cells), and
Lta” mice (deficientin lymphoid tissues). b,c, Eight-week-old GF and SPF B6
male mice were fed aCD or an LPD for 6 weeks. Non-targeted LC-MS/MS analysis
(b) and targeted LC-MS/MS bile acid profiling (c) were performed on plasma
samples.ALPD increased plasmalevels of linoleic acid derivatives such as

conjugated linoleic acids (CLAl1and CLA3) and 10-hydroxy-octadecanoic

acid (HYB) (b), consistent with previous reports that linoleic acid metabolism
promotes the proliferation of beige adipocyte progenitor cells®®. In addition,
several bileacids (highlighted in red) exhibited significantly higher plasma
levels in SPF mice fed an LPD (SPF + LPD group) compared with the other three
groups (c). d, Eight-week-old male SPF Nr1h4"* mice and NrTh4”~ mice were fed
anLPD for 6 weeks. Longitudinal percent changesin body weight (mean +s.d)
areshown. e, Eight- to ten-week-old male SPF mice of the indicated genotypes
were fed either aCD or an LPD for 6 weeks. Representative H&E-stained images
of iWAT from two independent experiments are shown. Each circle in bar
graphsandboxplotsrepresents anindividual mouse, and bars show mean + s.d.
Box-plot centrelinesindicate the median, boxes theinterquartile range, and
whiskers the datarange.Inlinegraphs, the mean +s.d is shown. Statistical
tests: one-way ANOVA with Benjamini-Hochberg correction for multiple
comparisons (a), two-tailed Mann-Whitney test for each comparison (c) or
two-way ANOVA (d).
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Extended DataFig.5|ASPCsspecifically express FXRiniWAT. snRNA-seq
was conducted oniWAT cells from GF and SPF B6 male mice fed eitheraCD or
anLPD for 6 weeks. Datawere pooled from two independent samples, each
consisting of nuclei from 3-4 mice. a,b, UMAP visualizations of the annotated
cell populations (a) and indicated genes (b) are shown. Among bile acid
receptors, pregnane Xreceptor (PXR, Nr1i2), vitamin D receptor (VDR),

constitutive androstane receptor (CAR, Nr1i3), and TGRS were not detectably
expressed iniWAT cells, whereas liver X receptor alpha (LXRa, NrI1h3) was
broadly expressed across multiple adipose cell clusters. In contrast, FXR
(encoded by Nr1h4) expressionwas restricted toa cluster expressing ASPC
markers, including Dpp4, Collal, Pdgfra, Wnt2,Cd34,and Dcn.
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Extended DataFig. 6| Thegut microbiotamediates LPD-induced alterations
intheliver transcriptome. a,b, Eight-week-old GF and SPF B6 male mice were
fedaCDoranLPD for1lor6weeks.Liver RNAwas extracted, followed by RT-qPCR
oftheindicated genes (a) and bulk RNA-seq (b). The heat map highlights genes
with higher expression levels (=5-fold change with RPKM > 200) in LPD-fed

SPF mice versus LPD-fed GF and CD-fed SPF mice. Datashow two independent
experiments (datasets A and B) as well as a positive control experimentin

which B3-adrenergicreceptor (B3AR) agonist CL316,243 was administered
intraperitoneally (20 pg/mouse/day), either as asingle dose (“CL.x1") or daily for
7 consecutive days (“CL.x7”). Genes previously reported to be ATF4-inducible
are highlighted inred, while Csad and Cyp39al, which have beenimplicated
inbileacid production, are highlighted in green. Each circle represents an
individual mouse, and bars show mean +s.d. Statistical tests: one-way ANOVA
with Benjamini-Hochberg correction for multiple comparisons (a).
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Extended DataFig.7|LPD feeding upregulates ATF4-inducible genesin
hepatocytesinamicrobiota-dependent manner. snRNA-seq was performed
onlivertissue from GF and SPF B6 male mice fed eitheraCD or an LPD for 9 weeks.

Expression levels and distributions of the indicated genes are visualized by
UMAP. Plots show pooled data from two library preparations, each derived

from hepatocyte nucleiisolated fromasingle mouse.
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Extended DataFig. 8|See next page for caption.
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Extended DataFig. 8| The microbiotamediates remodelling of sympathetic
neurons and vasculature. a,d-f, Cox7al expressionin iWAT was quantified in
SPF mice of theindicated genotypes after 6 weeks ona CD or an LPD. Each circle
represents anindividualmouse, and bars show mean +s.d. Statistical tests:
one-way ANOVA with Benjamini-Hochberg correction. b, GF and SPF B6 male
mice were fed eithera CD or an LPD for 6 weeks. Whole-mountimmunostaining
of iIWAT with iDISCO tissue clearing was performed using antibodies against

tyrosine hydroxylase (sympathetic nerves; red), UCP1(blue), and CD31
(endothelial cells; green).c, Fgf21'", Fgf217", Nrih4*",and Nr1h4”~ mice were
fedanLPDfor1,2, or 4 weeks,and whole-mountimmunostaining of iWAT was
performed using antibodies against tyrosine hydroxylase (red) and UCP1
(blue).Images were acquired using alight sheet microscope. Representative
images fromtwo independent experiments are shown, with dashed lines
indicating the iWAT boundaries.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9 |Isolation of beige-inducingbacterial strains from
the human gut microbiota. a, Schematicillustrating the strategy used to
isolate commensal strains that promote browning from human gut microbiota.
b, GF B6 male mice were inoculated with faecal microbiota from human
volunteers T17,T10, T19, or T18 and were fed aCD or an LPD for 6 weeks.
Representative H&E-stained iWAT sections of theindicated groups from two
independent experiments are shown. ¢, GF B6 male mice wereinoculated with
faecal microbiota from humanvolunteers TO7 or FF2, or with caecal contents
from mice colonized with T19 faecal microbiota, and were fed a CD or an LPD for
6 weeks. Representative H&E-stained iWAT sections from a single experiment
areshown.d, Bacterial strains were isolated from caecal contents of mice T10-4,
T10-5,T19-5and T19-6.33 strains were isolated from the T10-colonized mice,
and an additional 33 strains were isolated from the T19-colonized mice. Lists of

the33T10-or T19-derived strains, as determined by 16S rRNA sequencing,
areshown. e, GF B6 male mice were colonized with the T10- or T19-derived
33-mixesand fed aCD or an LPD for 6 weeks. Representative H&E-stained iWAT
sections fromtwo independent experiments are shown. f, GF B6 mice were
colonized with theindicated bacterial consortia—19 BEEO (a19-straingroup
comprising Bacteroides, Enterococcus, Erysipelotrichaceae, and other phyla),
50thers (strains from “other” phyla), or 14 BEE (the remaining 14 strains from
the 19 BEEO group)—selected from the T19-derived 33-mix and fed aCD or an
LPD for 4 weeks. mRNA expression of the indicated genes iniWAT, normalized
to Ppib, was quantified by qPCR. Each circle represents anindividual mouse,
and bars show the mean +s.d. Statistical analysis: one-way ANOVA with
Benjamini-Hochberg correction.
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Extended DataFig.10|Characterization of four beige-cell-inducing human-

derived bacterialisolates. a, GF B6 mice wereinoculated with theindicated
bacterialisolate mixtures (5 Others-mix or all possible 4-strain permutations
thereof) or vehicle control and fed an LPD for 4 weeks. Plus (+) indicates
inclusion,and minus (-) indicates exclusion of the indicated strain. Bacterial
DNA from each strain was quantified in caecal contents by qPCR using strain-
specific primers targeting 16S rRNA gene sequences. Each circle represents
anindividual mouse, and horizontallines indicate the mean, +s.d.N.D., not
detected. b, GF mice wereinoculated with faecal microbiota from human
participant TO7, fed a HFD for 4 weeks, and then switched to an LPD and given
two oral doses of the hu4 strains or vehicle control. After 6 weeks of LPD
feeding, H&E staining of iWAT was performed, plasma creatine kinase levels
were measured as an indicator of muscle damage, and gastrocnemius muscle
mass and gross morphology were assessed. Barsindicate the mean +s.d,

and statistical significance was determined by two-tailed unpaired t-test.

¢, Proteins homologous to the three previously defined reference
7a-hydroxysteroid dehydrogenase (7aHSDH) proteins were identified in the
genome of eachindicated strain, and the percent sequence homology of the
best-matching hitin eachstrainto each of the threereference proteinsis
displayed as aheat map. d, GF mice were colonized with T19-derived 33-mix
andfedaCDoranLPD for 4 weeks. Bacterial RNA was extracted from caecal

contentsand subjected to metatranscriptome sequencing. Pathway enrichment
analysis was performed using the R package clusterProfiler (version1.38.3),
and KEGG pathways significantly enriched in the 19 BEEO, 14 RL, hu4, or 14 BEE
subsets of the 33-mix under LPD versus to CD conditions are shown. Benjamini-
Hochberg correction for multiple comparisons was used to calculate adjusted
p-value. e, NrfAwas annotated in all reference genomes from the Unified
Human Gastrointestinal Genome (UHGG) using eggNOG, and signal sequences
were analysed using SignalP. Species harbouring NrfA homologues with
lipoprotein signal peptides (LSPs) are highlighted inred. SP, standard secretory
signal peptide; LSP, lipoprotein signal peptide. LSPs are predicted to facilitate
transportviathe Sec translocon, cleavage by signal peptidaseIl, and anchoring
totheinner membrane®, thereby allowing NrfA to localise to the periplasm
whereit participates in the dissimilatory nitrate reduction toammonium
(DNRA) pathway. In this process, NrfA detoxifies nitrite and minimizes nitrogen
lossby convertingitinto reusable, water-soluble ammoniainstead of N, gas*®*.
Among 266 genomes spanning nine phylathatencode nrfA homologue

genes, only10.5% contain LSPs, and the vast majority of LSP-containing nrfA
homologuesare foundin the phylum Desulfobacterota, including Bilophila
species. Adlercreutziais the only genus within the phylum Actinobacteriota
identified to carry a LSP-containing nrfA homologue (see also Supplementary
Table 2).
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Extended DataFig.11|Bilophila nrfA contributes to LPD-mediated
browning. a, GF B6 mice were colonized with the 19 BEEO-mix and fed a CD or
anLPD for 3 weeks. During the last2 weeks, mice were treated with 0.1% or 0.5%
sodium tungstate dihydrate (W) via the drinking water. Bacterial DNA from
each strain was quantified in caecal contents by qPCR using strain-specific
primerstargeting 16S rRNA gene sequences. b, Among the 33 T19-derived
strains, 12 strains (including all members of the hu4-mix) were selected as
phylogenetic representatives and cultured in100% or 10% mGAM (diluted with
Milli-Q-water) for 1 hour. Ammonia concentrations in the culture supernatants
were measured using anammonia detection kit (n =3 biological replicates).
Notably, nrfA-encoding, but not AnrfA, Bilophila and Adlercreutzia strains
robustly produced ammonia. c-f, GF B6 mice were colonized with hu4-mix or
with either nrfA-sufficient (WT) or nrfA-deficient (AnrfA) Bilophilasp.4_1_30

(St.14) (Bilo) in combination with R. timonensis (St.31) (Rombo). Colonization
density of each strain was quantified by qPCR using strain-specific16S rRNA
primers (c). Expression of Elovl3iniWAT (d), and Csad and Cyp39alintheliver
(e) were determined by qPCR and normalized to Ppib. Plasmabile acids were
quantified by LC-MS/MS (f). g, Ammonium chloride (NH,Cl) was administered
totheindicated gnotobiotic mice via the drinking water, and Elovl3 expression
iniWAT was assessed. Circles represent individual mice (a,c-g) or wells (b).
Horizontallines (a,c) or the heights of each bar graphsindicate the mean £ s.d.
Box-plot centrelinesindicate the median, boxes theinterquartile range, and
whiskers the datarange. Statistical tests: one-way ANOVA with Benjamini—
Hochberg correction (b,d,e,g) or Mann-Whitney test (two-tailed) for each
comparison (f).N.D., not detected.
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Extended DataFig.12| Ammoniaproductionand bile acid conversion
capabilities of 20 mouse-derived strains. a, Carriage of nrfA homologues
and their signal sequences [lipoprotein signal peptides (LSPs) or Sec/SPI
standard signal peptides (SPs)] was analysed across the genomes of the 20
mouse-derived strains. nrfA genes were annotated using eggNOG-mapper, and
signalsequences were predicted with SignalP 6.0. “Percentidentity” indicates
sequence similarity to the Bilophila NrfA protein, as calculated by BLASTP.
“E-value” denotes the expected number of chance alignments withan equal or
higherbitscore,ascomputed by BLASTP. “Length” indicates thelength of the
proteinfromeachisolate that best aligns to NrfA as predicted by eggNOG-
mapper.b, The 20 strains were cultured in10% mGAM (diluted with Milli-Q

water) for1 hour,and ammonia concentrations in the culture supernatants
were quantified usingan ammonia detection kit (n = 3 biological replicates).

¢, Eachstrainwasincubated with 50 pM taurocholic acid (tauro-CA) in medium
containing varying protein concentrations (100% to12.5% relative to complete
mGAM) for 48 hours, and the resulting bile acids in the culture supernatants
were analysed by LC-MS/MS. d, GF mice were colonized with theindicated
mouse-derived bacterial consortia (mu20-, mu3-, mu5- or mu7-mix) and fed

an LPD for 6 weeks. Hepatic Fgf21 expression and portal vein ammonia
concentrations were measured. Each circle represents anindividual mouse,
and bars show mean £s.d. Statistical tests: one-way ANOVA with Benjamini—
Hochberg correction.
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