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SUMMARY

Gut motility is regulated by the microbiome via mechanisms that include bile acid
metabolism. To localize the effects of microbiome-generated bile acids, we colo-
nized gnotobiotic mice with different synthetic gut bacterial communities that
were metabolically phenotyped using a functional in vitro screen. Using two
different marker-based assays of gut transit, we inferred that bile acids exert ef-
fects on colonic transit. We validated this using an intra-colonic bile acid infusion
assay and determined that these effects were dependent upon signaling via the
bile acid receptor, TGR5. The intra-colonic bile acid infusion experiments further
revealed sex-biased bile acid-specific effects on colonic transit, with lithocholic
acid having the largest pro-motility effect. Transcriptional responses of the
enteric nervous system (ENS) were stereotypic, regional, and observed in
response to different microbiota, their associated bile acid profiles, and even
to a single diet ingredient, evidencing exquisite sensitivity of the ENS to environ-
mental perturbations.

INTRODUCTION

Disturbances and disorders of gastrointestinal motility, a physiologic parameter critical to optimizing
digestion and nutrition, form the basis for a shared set of common human experiences. Interactions be-
tween diet, the gut microbiome, and the enteric nervous system (ENS) regulate gut motility (Abrams
and Bishop, 1967; Husebye et al., 1994; Anitha et al., 2012; Kashyap et al., 2013; Dey et al., 2015; Bhattarai
et al.,, 2018). Bile acids are metabolites that lie at the intersection of all these factors, metabolically at the
interface between the host and its gut microbiome. Produced from cholesterol in the liver, host-generated
primary bile acids are secreted into the first part of the small intestine. As they transit through the gut, they
are subjected to gut bacterial metabolism, beginning with deconjugation (i.e., removal of glycine or
taurine) via bile salt hydrolases (BSH). BSHs set the stage for myriad subsequent microbiome-mediated
biotransformations of primary bile acids into secondary bile acids, each varying in their effects on host
and microbial biology via incompletely understood pathways. We previously showed in a gnotobiotic
model that unconjugated bile acids generated by bacterial BSHs correlated with faster gut transit (Dey
et al., 2015). The correlation between BSHs and motility implicates unconjugated primary and secondary
bile acids, consistent with observations in individuals with diarrhea-predominant irritable bowel syndrome
(Zhao et al., 2020). Bile acid-mediated effects on gut transit times require RET signaling in the ENS and can
be modulated by dietary ingredients that stimulate bile secretion (e.g., turmeric) (Dey et al., 2015). Whether
bile acids exert regional or global motility effects throughout the gut is unknown, as are the ENS transcrip-
tional responses underpinning the observed physiologic responses. In the present study, we sought to
elucidate the biogeography of bile acid-regulated motility phenotypes and to characterize ENS-specific
gene expression in the context of different microbiomes (plus germ-free controls) and their associated

bile acids.

RESULTS

Design of synthetic gut microbial communities

Germ-free (GF) animals are known to exhibit slower gut motility and less complex bile acid profiles than
colonized animals (Husebye et al., 2001; Sayin et al., 2013; Kashyap et al., 2013; Dey et al., 2015). To
decouple gut microbial colonization from bile acid metabolism, we designed synthetic bacterial commu-
nities based on an in vitro functional screen of bile acid metabolism. We anaerobically cultured 30 consor-
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Figure 1. Bile acid metabolism of synthetic bacterial communities (See also Figure S1 and Table 1)

(A) Bimodal distribution of in vitro low or high BSH activities of 30 synthetic communities.

(B) Percent deconjugation of conjugated primary bile acid substrates of “BSH-low" and “BSH-high” consortia.

(C) Bile acid profiles of 4 synthetic consortia, along with controls.

Statistical significance was determined using a Student’s two-tailed t-test; *p< 0.05.

In (B), the horizontal lines within boxes denote the mean values, while lower and upper boundaries of boxes represent the
25th and 75th percentiles, respectively, and whiskers represent 1.5 times the interquartile range. In (C), bile acid
concentrations are represented by mean values &+ SEM.

containing conjugated primary bile acid substrates (taurocholic acid [TCA], tauro-beta-muricholic acid
[TBMCA]). We made in silico genome-based predictions of which bile acids the bacterial consortia would
generate, and we tested our predictions using liquid chromatography mass spectrometry (LC-MS) to quan-
titate bile acids in culture media collected after 48 hr. We found that deconjugation, which was predicted in
all co-cultures (i.e., all co-cultures contained a bsh-encoding organism), was observed in 67% of instances
(Table S1), consistent with our prior observation that genome-based predictions of BSH activities are
imperfect (Dey et al., 2015). A bimodal distribution of BSH activities was observed, thereby permitting clas-
sification of consortia as “BSH-low"” or “BSH-high” (Figure 1A). BSH-high consortia deconjugated TCA and
TBMCA to a significantly greater degree than BSH-low consortia (91% + 2% vs 4% + 3% [mean + SEM], p<
0.006, two-tailed t-test; Figure 1B), mirroring what we observed in fecal samples from gnotobiotic mice
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Table 1. Microbiota used in gnotobiotic studies (See also Figures 1, 2, 3, 4, 5, 6, and S1)

Microbiota Community members Vendor Catalog number
Complete mouse microbiota Fecal microbiota suspension NA NA
BSH-low-1 Bacteroides caccae ATCC 43185
Bacteroides finegoldii DSM 17565
Clostridium leptum DSM 753
Clostridium scindens ATCC 35704
Dorea formicigenerans ATCC 27755
Ruminococcus torques ATCC 27756
BSH-high-1 Bacteroides thetaiotaomicron VPI 5482
Bacteroides vulgatus ATCC 8482
Clostridium asparagiforme DSM 15981
Clostridium sporogenes ATCC 15579
Dorea longicatena DSM 13814
Ruminococcus obeum ATCC 29174
BSH-low-2 Citrobacter youngae ATCC 29220
Dorea formicigenerans ATCC 27755
Enterobacter cancerogenus ATCC 35316
Escherichia fergusonii ATCC 35469
Megamonas funiformis DSM 19343
Ruminococcus torques ATCC 27756
BSH-high-2 Bacteroides vulgatus ATCC 8482
Clostridium asparagiforme DSM 15981
Clostridium sporogenes ATCC 15579
Lactobacillus ruminus ATCC 25644
Ruminococcus gnavus ATCC 29149
Ruminococcus obeum ATCC 29174

Membership of synthetic communities possessing high or low BSH activities that were used in gnotobiotic studies.

colonized with fecal microbiota from conventionally housed specific pathogen-free (SPF) mice (92.7% +
2.4%) compared to GF mice (1.9% + 0.6%) (Table S2).

Co-cultures containing Bacteroides vulgatus, Dorea longicatena, or Clostridium asparagiforme were
consistently associated with robust bile salt deconjugation, whereas co-cultures containing Bacteroides fi-
negoldii were associated with poor deconjugation (consistent with B. finegoldii encoding a bsh phylotype
associated with low enzyme activity (Song et al., 2019)). Co-cultures containing Clostridium sporogenes
were associated with highly variable deconjugation (5-98% TCA deconjugation, 1-98% TBMCA deconjuga-
tion), suggesting that interspecific interactions may regulate its bile acid metabolism. From these consor-
tia, we identified two pairs of 6-member consortia that were divergent in BSH activity level, one that was
genus-matched ("BSH-low-1" and “"BSH-high-1") and another that was not ("BSH-high-2" and “BSH-low-
2") (Table 1). While the unconjugated primary bile acids BMCA and cholic acid were the most abundant
bile acids detected in BSH-high-1 cultures, BMCA predominated in BSH-high-2 cultures (Figure 1C).
Thus, these two "BSH-high” consortia presented an opportunity to compare and contrast the gut motility
phenotypes associated with two synthetic communities that have similarly high but slightly divergent BSH
activities.

Validation of serial deployment of two assays quantifying gut transit

We characterized gut transit in a gnotobiotic model using two methods: a fecal marker-based assay (which
permits quantification of whole gut transit times (Dey et al., 2015) via oral gavage with a red carmine dye
solution followed by timing of the interval to fecal passage) and a gut fluorescence-based assay (in which
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Figure 2. Differential gut bacterial BSH activity regulates colonic motility (See also Figures S3 and S7 and Table 1)
(A) Clearance of a FITC-labeled marker of gut transit administered via oral gavage by 72 hr.

(B) Whole gut transit times in gnotobiotic mice colonized by BSH-low-1 or BSH-high-1 communities.

(C) Residual gut FITC is lower in gnotobiotic mice colonized with the BSH-high-1 consortium than the BSH-low-1
consortium.

(D) Intestinal FITC distributions in gnotobiotic mice either maintained as GF or harboring different microbiota 2 hr after
gavage.

(E) Whole gut transit times in BSH-high-2- and BSH-low-2-colonized mice, along with GF and SPF microbiota-colonized
gnotobiotic mice.

(F) Residual gut FITC in mice colonized with the BSH-high-2 or BSH-low-2 consortia at 2 hr and at 4 hr after gavage.
Statistical significance was determined using a Student's two-tailed t-test; *p< 0.05. In (A), (C), and (F), the horizontal lines
within boxes denote the mean values, while lower and upper boundaries of boxes represent the 25th and 75th
percentiles, respectively, and whiskers represent 1.5 times the interquartile range. In (B), (D), and (E), mean values + SEM
are shown.

fluorescein isothiocyanate [FITC] is administered via oral gavage, with characterization of the spatial reso-
lution of fluorescence throughout the gut [Samuel et al., 2008]). In the FITC-based assay, we euthanized
mice at a defined interval after gavage with an FITC-dextran solution (typically 2 hr, except in one exper-
iment described below in which a 4-hr interval was used), partitioned gastrointestinal tracts into 12 seg-
ments numbered 1-12 from proximal to distal gut, and quantified FITC detected in each segment using
a fluorometer. We then calculated geometric mean (g) using the following equation:

12
g= > (ixFITC)
i=1
in which iindicates the gut segment number (1 is stomach, 2-9 are small intestine, and 10-12 are colon) and
FITC; represents the proportion of total gut FITC detected in that gut segment.

To establish reference ranges, we deployed these two assays in GF wild-type Swiss Webster mice and age-
matched gnotobiotic mice colonized with an SPF fecal microbiota (Figure STA; Table S3). Compared to colo-
nized mice, GF mice had significantly longer whole gut transit times (5.2 £ 0.3 hr in GF mice vs 2.7 £ 0.2 hrin
colonized mice, p = 0.0006, two-tailed t-test), lower geometric means of fluorescence (6.7 £+ 0.3 in GF mice vs
9.2 + 0.3 in colonized mice, p = 0.0004, two-tailed t-test), and lower percent of total gut FITC detected in the
colon (1.1% + 0.2% in GF mice vs 61.3% =+ 7.6% in colonized mice, p = 0.004, two-tailed t-test).

To determine whether these assays may be used in tandem in a given mouse, we first estimated the dura-
tion for which motility markers persist in the guts of gnotobiotic mice. One week after colonization of
gnotobiotic mice with the 12 strains comprising the BSH-high-1 and BSH-low-1 consortia, we gavaged
mice with FITC and measured fluorescence in fecal pellets collected at baseline and then 24 hr and
72 hr later (n = 4 mice). Fluorescence at 72 hr was significantly lower than at 24 hr (p< 0.04, paired two-tailed
Student’s t-test; Figure 2A) but not significantly different from baseline levels (p = 0.9, paired two-tailed
Student’s t-test). We validated this 3-day interval in age-matched gnotobiotic mice colonized with the
BSH-high-1 or BSH-low-1 consortia (n = 7-8 mice/consortium). Approximately half of each cohort was sub-
jected to the carmine dye assay 3 days prior to the FITC assay, which was performed in all mice at the time of
euthanasia. Neither total gut FITC nor geometric means significantly differed if carmine had been previ-
ously administered (p> 0.2, two-tailed t-test), suggesting that carmine did not interfere with FITC readouts
3 days later. Indeed, carmine dye was no longer visible in fecal pellets 3 days after gavage.

Gut bacterial bile acid metabolism regulates colonic transit

We had previously observed that turmeric, which has cholekinetic properties (Rasyid and Lelo, 1999; Rasyid
et al., 2002; Marciani et al., 2013), could be administered to mice in order to stimulate bile secretion and
thereby elicit bile acid-mediated microbiome-dependent physiologic responses (Dey et al., 2015). Consis-
tent with our prior experience, we found that gnotobiotic Swiss Webster mice colonized with the BSH-high-
1 consortium experienced significantly faster whole gut transit times compared to age-matched mice
harboring the BSH-low-1 consortium when fed a turmeric-containing diet (n = 4 mice/group; 2.2 £+ 0.1
vs 2.9 £ 0.1 hr, p< 0.02, two-tailed t-test; Figures 2B and S1B), but this difference was not significant in
the same mice in the setting of a bland diet (Table S3). In separate cohorts of gnotobiotic mice fed a monot-
onous turmeric-containing diet and then subjected to the FITC motility assay, we observed that total gut
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Figure 3. Unconjugated bile acids, notably LCA, expedite colonic transit (See also Figures $2,54, and S7 and Table 1)

(A) Fecal LCA concentrations differ between mice colonized with the two BSH-high consortia.
(B) Intra-colonic bile acid infusions modulate gut transit.
(C) The pro-motility effect of lithocholic acid is inhibited by the TGR5 inhibitor SBI-115.

Statistical significance was determined using a two-tailed Student'’s t-test (A) or paired two-tailed Student’s t-test (B and C) as indicated in the text; *p< 0.05.
In (B), the horizontal lines within boxes denote the mean values, while lower and upper boundaries of boxes represent the 25th and 75th percentiles,

respectively, and whiskers represent 1.5 times the interquartile range. In (A) and (C), mean values + SEM are shown.

FITC was significantly lower in BSH-high-1-colonized than in BSH-low-1-colonized mice (n = 4 mice/group;
p< 0.05, two-tailed t-test; Figures 2C and S1A), evidencing greater fecal passage of this fluorophore marker
2 hr after oral gavage in BSH-high-1-colonized mice. However, the distribution of gut FITC was not skewed
toward the more distal gut in BSH-high-1-colonized mice; rather, FITC intensity peaked in the distal small
intestine in both treatment groups (Figure 2D). Together, these observations suggest that the FITC motility
marker passed through the gastrointestinal tract at a relatively even pace from the stomach to the distal
small intestine regardless of gut bacterial BSH activity; once past the cecum, however, the marker passed
through the colons of mice harboring gut microbiota with high BSH activity more quickly.

To test whether this phenomenon was robust to different microbiota, we then colonized gnotobiotic mice
with either the BSH-high-2 or BSH-low-2 consortium and administered a monotonous turmeric-containing
diet throughout the experiment (n = 4 mice/group; Figure STA). Similar to our observations in mice colo-
nized with the first pair of consortia, mice harboring BSH-high-2 microbes had significantly faster whole gut
transit times compared to BSH-low-2 mice (4.2 + 0.2 hrvs 5.6 £+ 0.3 hr, p< 0.006, two-tailed t-test) (Fig-
ure 2E). However, both intestinal FITC distributions and total gut FITC at 2 hr were similar in these two co-
horts (Figures 2D and 2F). We then assessed FITC distributions 4 hr after oral gavage (rather than 2 hr after)
in separate cohorts of gnotobiotic mice (n = 4-5 mice/group), reasoning that sufficient FITC may not have
transited to the colon within 2 hr given the overall slower transit times compared to mice colonized with the
first pair of consortia. Indeed, while intestinal FITC distributions were similar in both cohorts of mice, total
gut FITC was significantly lower in BSH-high-2 than BSH-low-2 mice (10 + 1vs 15 £ 1 ug/mL, p = 0.01, two-
tailed ttest; Figure 2F), again indicating that the digesta passes through the stomach and small intestine at
similar rates, with motility diverging in the colon on the basis of gut bacterial BSH activity. Both sets of com-
parisons of gnotobiotic mice colonized with bacterial communities exhibiting high or low BSH activity sug-
gested that the colon is the site at which bacterial BSHs regulate gut transit.

As predicted by our in vitro functional screen, fecal concentrations of unconjugated bile acids were greater
in mice colonized with gut microbes possessing high BSH activity (p = 0.02, F7 26 = 5.9, one-way ANOVA).
Total unconjugated bile acid concentrations correlated with faster transit in vivo across all treatment
groups (Spearman rho —0.66, p< 107°). BSH-high-1-colonized mice, which had faster transit times than
BSH-high-2-colonized mice, had significantly greater fecal lithocholic acid (LCA) concentrations (890 +
40 vs 20 + 0.5 mcg/g feces, p< 0.0002, two-tailed t-test; Figure 3A). This suggested that in addition to
BSH activity, variations in gut bacterial secondary bile acid metabolism further regulated gut transit. Given
the association between LCA production and fast gut transit in BSH-high-1-colonized mice, we further hy-
pothesized that LCA is a pro-motility bile acid in the colon.
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Figure 4. Sex bias in bile acid effects on gut transit (See also Figures $3,54, and S7 and Table 1)

(A) Sex bias in transit times following intra-colonic bile acid infusions. In order to normalize recorded transit times (Table
S4) to a single value, each recorded transit time was subtracted from the mean transit time of males after intra-colonic
infusion with the buffer-only negative control.

(B) Sex-biased transit time differences in mice colonized with BSH-high consortia but not in mice harboring BSH-low
consortia or SPF microbiota (including conventionally raised mice; transit times measured following intra-colonic infusion
of PBS included), or in GF controls.

Statistical significance was determined using a Student’s two-tailed t-test; *p< 0.05. In (A) and (B), the horizontal lines
within boxes denote the mean values, while lower and upper boundaries of boxes represent the 25th and 75th
percentiles, respectively, and whiskers represent 1.5 times the interquartile range.

To validate our model that microbiome-generated bile acids regulate colonic transit, we next directly
quantified the effects of intra-colonic infusions of cholic acid, BMCA, DCA, and LCA in comparison
with the conjugated primary bile acid TCA as well as a buffer-only negative control (n = 8 wild-type
SPF mice; Table S4). We performed intra-colonic infusions per rectum rather than oral gavage because
unconjugated bile acids are passively absorbed in the small intestine, and therefore orally administered
unconjugated bile acids may not reach the colon. Mice received intra-colonic bile acid (or buffer-only)
infusions serially (with infusions >48 hr apart), and transit times were measured concurrently via the
carmine assay. In repeated measures ANOVA in which transit time was the dependent variable, the
specific bile acid infused was a significant determinant (p = 0.001); in addition, sex was found to be a sig-
nificant variable (p = 0.0001), as discussed in the following section. Compared to the negative control,
unconjugated bile acids (i.e., bile acids requiring microbiome-encoded enzymes for generation) exerted
significant pro-motility effects in the colon (p< 0.04, paired two-tailed t-tests; Figure 3B). In contrast, the
transit time effect of the conjugated bile acid TCA was not significant in comparison to the negative con-
trol (p = 0.2, paired two-tailed t-test; Figure 3B), suggesting that bile acid effects on gut transit may be
more attributable to pro-motility effects of unconjugated bile acids rather than anti-motility effects of
conjugated bile acids. Colonic LCA infusion induced the fastest transit times, consistent with our obser-
vations in BSH-high-1-colonized mice.

We hypothesized that bile acid-mediated effects on transit times were transmitted by TGRS, a bile acid re-
ceptor previously reported to be expressed by enteric neurons (Poole et al., 2010). To test this hypothesis,
we performed intra-colonic infusions of LCA + SBI-115 (a TGRS inhibitor) in a separate cohort of wild-type
SPF mice (n = 6). Compared to placebo, LCA infusion again resulted in significantly faster transit (p = 0.004,
paired two-tailed t-test). Consistent with our hypothesis, concomitant administration of SBI-115 was asso-
ciated with significantly slower transit than seen with LCA alone (p = 0.002, paired two-tailed t-test; Fig-
ure 3C), suggesting that TGR5 inhibition blocked LCA's effects. Transit times observed following SBI-
115 infusion were significantly slower than with placebo (p< 0.02, paired two-tailed t-test), suggesting
blockade of signals transmitted by endogenous colonic bile acids generated by the SPF mouse microbiota.
Together, these data support the model that microbiome-encoded bile acid metabolism modulates
colonic motility in a TGR5-dependent fashion.

Bile acids have sex-biased effects on gut transit times

In our intra-colonic bile acid infusion experiment above, we found sex to be a significant variable deter-
mining transit time. In males, cholic acid, DCA, and LCA induced significantly faster transit compared to
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Figure 5. Interactions between the ENS and microbiota regulate gut transit (See also Figures $3,54, and S7 and
Table 1)

(A) Transit times in Ret+/- mice (and wild-type littermates) colonized with BSH-high consortia compared to GF controls.
(B) LCA has significant pro-motility effects following intra-colonic infusion.

Statistical significance was determined using a Student’s two-tailed t-test; *p< 0.05. Mean values + SEM are shown.

the negative control, whereas in females, LCA was the only bile acid that induced significantly faster transit
(p< 0.05, paired two-tailed t-test; Figure 4A). Pro-motility effects were generally stronger in males than fe-
males for each bile acid tested (Figure 4A). This was true even for TCA, a conjugated primary bile acid pro-
duced by the host without any microbial contribution, suggesting that a sex-biased response to bile acids
exists at baseline. Since diet can determine bile secretion, diet alone could theoretically mediate differen-
tial responses in males versus females. Nonetheless, the sex-biased effect seen with TCA was modest in
comparison to the effects of some microbiome-encoded bile acids.

In light of these observations, we revisited the transit times recorded in the gnotobiotic experiments
above to ascertain whether sex biases were associated with our synthetic communities. We found that
males had lower transit times (i.e., faster motility) than females in cohorts colonized with BSH-high con-
sortia (p = 0.009, two-tailed t-test) (Figure 4B). Significant differences were not seen in GF or BSH-low
cohorts, consistent with the notion that microbiome-generated bile acids exert more profound
sex-biased effects than host-generated bile acids. However, no significant difference was seen in the
SPF cohort either, suggesting that other microbiome effects on transit time are able to overcome the
BSH-associated sex-bias.

Interactions between the ENS and microbiota regulate gut transit

We next asked whether the motility phenotypes transmitted by BSH-high consortia were dependent upon
afunctional ENS. We transplanted these synthetic communities into gnotobiotic C57BL/6 mice harboring a
null allele of Ret, a gene critical in ENS development and maintenance that is most commonly implicated in
Hirschsprung’s disease (Edery et al., 1994; Romeo et al., 1994; Tsuzuki et al., 1995; Enomoto et al., 2001;
Gianino et al., 2003), as well as wild-type littermate controls. Ret+/- mice have equivalent numbers of
enteric neurons as wild-type mice but exhibit ENS dysfunction (Gianino et al., 2003). Intriguingly, we
observed that the baseline difference in transit times between GF Ret+/- and GF wild-type mice could
be mitigated by colonization with BSH-high-1 but not BSH-high-2 (microbiota: p< 1072, F; 15 = 210; Ret
genotype: p< 1073, F; 15 = 19; two-way ANOVA; Figure 5A). Putting this together with our observations
above that the BSH-high-1 consortium produces abundant LCA and that LCA is a potent pro-motility
bile acid, we hypothesized that LCA mediates this effect. Indeed, intra-colonic infusion of LCA induced sig-
nificant acceleration of colonic transit in Ret+/- mice just as in wild-type mice (Figure 5B).

The differential effects of these two BSH-high consortia suggest that interactions between the gut micro-
biota and RET signaling can modulate gut transit in a microbiota-specific manner. In a recent study of
conventionally raised mice (harboring a complete mouse microbiota), it was reported that motility differ-
ences between Ret+/- and wild-type mice are age-dependent (Kulkarni et al., 2020); in addition, we pro-
pose a microbiota-dependency.
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Design of a multiplexed host gene expression panel

Building upon our prior observation that BSH-mediated motility effects are mediated by the ENS (Dey
etal., 2015), we hypothesized that bacterial BSH activity and associated motility phenotypes would be asso-
ciated with distinct transcriptional signatures of the ENS. We quantified gene expression in gnotobiotic
mice using a multiplexed gene expression NanoString panel designed on the basis of two reports identi-
fying ENS-specific genes (Heanue and Pachnis, 2006; Vohra et al., 2006). We included probes targeting
genes whose expression was estimated to be at least 10-fold enriched in the ENS in either study; in addi-
tion, a 25% error factor was used to compensate for any technical variability in these studies (Mclntyre et al.,
2011; Hicks et al., 2018), effectively lowering the threshold for inclusion to 7.5-fold enrichment in the ENS.
Ultimately, our panel comprised of 91 ENS-specific genes (broadly classified as involved in signaling, in
development and maintenance, or both), as well as 10 host genes involved in bile acid metabolism, 4 other
genes of interest, and 7 housekeeping genes (Table S5A).

To better understand the effects of different normalization strategies, we compared normalized datasets
generated using different subsets (minimum 3) of the 7 housekeeping genes (Rpl19, Rpl10, Hprt1, Tubbb,
Gépdx, Gusb, and Gépdx). Normalized values were robust to normalization strategy in this dataset: for
example, a comparison of normalization using 3 (Rpl19, Rpl10, and Hprt1) versus all 7 housekeeping genes
demonstrated concordance (statistics not calculated given pseudo-replication, as each gene is represented
multiple times, once per gut segment per mouse) (Figure S2A). We ultimately normalized our data using 3
housekeeping genes, rationalizing that we did not observe a systematic bias of any one normalization strategy.

We also considered the degree to which estimated fold-changes (FCs) of ENS-specific genes in our panel
(z) might deviate from true FCs in ENS cells (y) as a function of the percent of non-ENS cells expressing a
given gene (x), the percent of ENS cells expressing this gene (w), the FC in gene expression by non-ENS
cells (v), and the total number of cells expressing this gene (n). In our model, we assumed that ENS cells
comprise 1% of cells in full-thickness intestinal sections (Drokhlyansky et al., 2020). We found that

_ yw+99xv

T w+99x
We then simulated a dataset in which we systematically altered each of these biological variables to assess
effects on z (Table S5D). In the edge case where x = 0 (i.e., 100% ENS specificity of gene expression), z = y,
meaning that experimental readouts from our panel exactly mirror actual changes in gene expression.
However, with gene expression by non-ENS cells, z precipitously declines, leading to the perception that
FCs in ENS cells are much lower than in actuality (Figure S2B). For example, in the scenario where all cells
evenly express a gene at baseline, a 100-fold upregulation in the 1% of ENS cells with unchanged expression
in non-ENS cells would appear merely as a 1% upregulation. Given that the genes in our panel are likely var-
iably expressed by non-ENS cells, we suspect that some of the FCs we report below underestimate true values.

With these considerations in mind, we then utilized this targeted gene expression panel to characterize
transcription in each of the 4 intestinal sections (proximal small intestine, distal small intestine, proximal
colon, and distal colon) harvested from 76 gnotobiotic mice, for a total of 304 samples (Table S5B and S5C).

Stereotypic regional ENS transcriptional responses to gut microbes, metabolites, and diet

ENS transcriptomic signatures were unique to each microbiota (p = 0.002, PERMANOVA [permutational
multivariate analysis of variance using distance matrices] using Bray-Curtis dissimilarities) and reproducible
in gnotobiotic mice colonized with the same microbiota (Figure 6A). However, biogeography (i.e., anatom-
ical location of the gut segment profiled) was by far the predominant factor explaining variance in gene
expression (adjusted R? 0.58, p = 0.001, PERMANOVA; Figure 6B). The explained variance in global ENS
transcriptomic signatures was lower and non-significant for bacterial BSH activity level and sex. (All 4 of
these factors were included in the same statistical model.)

Genes that were differentially expressed between BSH-high- and BSH-low-colonized mice play roles in
ENS signaling (e.g., colonic expression of Oprd1, which encodes opioid receptor delta 1, was lower in
BSH-high mice) and in neuronal development and maintenance (e.g., Spock3was lower in the proximal co-
lon of BSH-high mice), and a subset of these genes were upregulated in one BSH-high consortium but
downregulated in the other (e.g., Ret and Snap25), highlighting both microbiota-specific effects and com-
mon effects potentially attributable to shared metabolic traits (Figure 6C).
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Figure 6. Gene expression signatures were microbiota-specific, highly reproducible, and distinct between gut segments (See also Figures S5 and
S7 and Table 1)

In an analysis of Bray-Curtis dissimilarities between ENS-specific gene expression signatures of intestinal samples in our dataset, we observed significant
clustering by (A) microbiota and (B) biogeography.

(C) Volcano plots for BSH-high vs BSH-low in the colon. The y axis reflects logio-transformed p values, and the x axis shows log,-transformed fold-changes.
(D) Ret expression as a function of genotype.

(E) The most discriminatory features in comparisons of 4 dietary and microbial exposures as determined using a Random Forest classifier, filtered for genes
found to have an importance score of >1in at least 1 comparison, with hierarchical clustering applied across rows (specific comparison) and columns (genes).
In (D), mean values + SEM are shown.

Genes that were significantly differentially expressed between males and females were associated with
more modest fold-changes, although it is possible that our gene expression panel underestimated fold-
changes as described above. Several of these genes have precedence for sex-based bias in the central ner-
vous system (e.g., Penk (Corchero et al., 2002) and Gad2 (Colic et al., 2018)). Expression of genes involved in
bile acid sensing (Fxr, Pxr, Vdr, and Tgr5) were not significantly different between sexes.

In a comparison of wild-type Swiss-Webster and C57BL/6 gnotobiotic mice, we found that microbiota ex-
plained the variability of ENS gene expression signatures to a greater extent than genotype (microbiota:
p = 0.002, adjusted partial R? 0.04; genotype: p = 0.001, adjusted partial R? 0.001; biogeography: p =
0.001, adjusted partial R? 0.57; PERMANOVA in which all variables were included in the same model).
Notably, Ret expression was significantly lower throughout the small intestine and colon in C57BL/6
mice compared to Swiss-Webster mice, and this was more pronounced in the Ret+/- mice (gut location:
p< 10732, F3,264 = 70; Ret genotype: p< 10734, F2,264 = 107; two-way ANOVA; Figure 6D). These results sug-
gest that while the effect sizes of the microbiota and biogeography are greater than that of genotype, there
are significant genotype-based differences that may have biological implications.
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Given turmeric’s limited absorption during intestinal passage (Ghosh et al., 2018), we hypothesized that it
may have effects on ENS gene expression. Indeed, turmeric consumption alone was associated with several
reproducible regional effects in germ-free mice (Figure S1C, Table S5C), including significant upregulation
of two genes involved in neuronal development and maintenance, Elavi2 and Ptprz1, throughout the colon,
and of Fabp? (fatty acid binding protein 7, also involved in neuronal development) throughout the small
intestine. Turmeric consumption alone did not have a significant effect on gut transit times (Table S3), sup-
porting our model of its microbiota-dependent effect on motility.

Most ENS-specific genes in our panel were correlated with one another to varying degrees (Figure S3). The
majority of genes involved in bile acid sensing clustered separately; of these, several genes (Pxr and Vdr,
which encode bile acid receptors pregnane X receptor and vitamin D receptor, respectively, plus Fgf15and
Shp) were strongly anti-correlated with ENS-specific genes. This cluster of genes was directly correlated
with Ednrb (endothelin receptor type B; regulates ENS growth during development). On the other hand,
expression of Fxr and Asbt, which were correlated, was largely independent of ENS-specific genes, as
was Fabp7 (fatty acid binding protein 7, involved in neuronal development). Tgr5 was only detectable at
near-background levels and was strongly correlated with other genes similarly expressed at low levels.

Given the predominance of biogeography in explaining the variability of gene expression, we deployed a
supervised machine learning algorithm, Random Forest, to identify regional gene expression signatures. If
microbial colonization, bacterial bile acid metabolism, or turmeric consumption had uniform effects along
the length of the gastrointestinal tract, then one would expect clustering by these factors. However, hier-
archical clustering (Figure 4E) revealed that sets of discriminatory genes were most similar within gut re-
gions, suggesting that regional responses to dietary, microbial, and metabolomic perturbations are ste-
reotypic. Within the set of discriminatory genes identified in this model, Snap25 (which encodes a
component of membrane fusion complexes critical to neurotransmission) was notable for its consistently
high importance scores in the distal small intestine, proximal colon, and distal colon, suggesting that it
may mediate ENS responses to environmental cues.

Effects of gut microbial colonization on ENS gene expression

In a comparison of gene expression between GF and gnotobiotic mice colonized with SPF microbiota, FCs
ranged from —7.7 to 5.2, consistent with prior publications which have used this technology to assess mi-
crobial effects on the host (Dheer et al., 2020; Sweeney et al., 2016). We observed broad effects of gut mi-
crobial colonization on expression of ENS-specific genes involved in signaling as well as development and
maintenance.

In the small intestine, the effects of colonization on gene expression often varied between proximal and
distal aspects (Figure S4A). In the proximal small intestine, colonization was associated with upregulation
of anumber of genes involved in ENS signaling: Vip (as in the colon); Snap97 (synaptosome-associated pro-
tein 91; involved in neurotransmission); Cart (cocaine and amphetamine regulated transcript; involved in
appetite and addiction); Sult4al (sulfotransferase family 4A, member 1; involved in metabolism of neuro-
transmitters); and Sncg (synuclein, gamma; implicated in neurodegenerative diseases). In the distal small
intestine, a different set of genes involved in ENS signaling were upregulated: Nos2, Glp2r (glucagon-like
peptide 2 receptor; expressed by enteric neurons, mediates growth signals to intestinal epithelial cells, re-
ceptor for teduglutide), and Syn2 (synapsin Il; binds to vesicles in pre-synaptic nerve terminal). In addition,
differential expression of ENS genes involved in development was observed: Fabp7 was upregulated with
colonization in both proximal and distal small intestine; and Ednrb, which was downregulated in the colon
with colonization, was similarly downregulated in the proximal small intestine but upregulated in the distal
small intestine, a finding of unclear significance. Finally, consistent with published reports on the effects of
colonization, several genes involved in bile acid metabolism were downregulated with colonization: Asbt,
Fgf15, and Vdr. Colonization likely drives downregulation of Asbt and Fgf15 via Fxr-dependent feedback
regulation of bile acid synthesis (Sayin et al., 2013).

Two genes were expressed at significantly higher levels in the distal small intestine than in the proximal
small intestine: Asbt and Fgf15 (Figure S4B). Asbt encodes an apical sodium-dependent bile acid trans-
porter that is critical in active intestinal transport of bile acids (Oelkers et al., 1997), while Fgf15 encodes
a microbiota-sensitive component of the feedback loop that regulates bile acid production (Degirolamo
et al.,, 2014). Both are known to be expressed at high levels in the ileum. Asbt was also expressed in the
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proximal colon, consistent with a prior report (Craddock et al., 1998), this was more pronounced in GF mice
compared to SPF microbiota-colonized gnotobiotic mice, suggesting that the gut microbiota drives down-
regulation (5456 + 972 arbitrary units [AU]in GF vs 657 &+ 301 AU in colonized, p< 0.0002, two-tailed t-test).
Fxr, which is critical in mediating negative feedback from the ileum to the liver regulating bile acid produc-
tion, has been reported to be upregulated with colonization; consistent with these reports, we found that
distal small intestinal Fxr expression was greater in colonized mice (4,413 + 404 AU in colonized vs 3,209 +
162 AU in GF, p = 0.05, two-tailed t-test; Figure S4B).

In the colon, a number of genes involved in ENS development and maintenance were differentially ex-
pressed in SPF-colonized mice compared to GF mice, suggesting that the gut microbiome may, in fact, in-
fluence postnatal ENS homeostasis (Figure S4C). Most of these differentially expressed genes were down-
regulated with colonization: Elavl2 (embryonic lethal abnormal visual system-like RNA binding protein 2;
involved in neuronal development and maintenance); Mapk10 (mitogen-activated protein kinase 10;
involved in intracellular signal transduction cascades that regulate several biological processes, including
apoptosis); Gap43 (growth-associated protein 43; involved in neuronal development and axonal regener-
ation); and Ednrb. In addition, a gene involved in neuronal signaling, Snap25 (synaptosome-associated
protein 25, a component of the protein machinery that facilitates pre-synaptic vesicle fusion in neurotrans-
mission), and a gene involved in bile acid sensing, Asbt (described above; higher expression in the proximal
colon than distal colon (Craddock et al., 1998), consistent with our findings [Figure S4D]), were significantly
downregulated with colonization. In contrast, genes that were upregulated in the colon with colonization
included Mapt (microtubule-associated protein tau; involved in microtubule dynamics); Shp (a regulator of
host bile acid production); and two genes implicated in gut motility, Vip (vasoactive intestinal peptide; a
pro-motility neuropeptide) and Nos2 (nitric oxide synthase 2; involved in both motility and immunity).

Finally, we asked whether our results mirrored previously published reports (El Aidy et al., 2012; Larsson
etal., 2012), to which we compared differential gene expression that we observed in gnotobiotic mice colo-
nized with SPF microbiota versus GF controls. Interestingly, we found disagreements in both small intesti-
nal and colonic gene expression, not only with our findings but also between these two studies (Pearson
correlation rho< 0.1 in all comparisons; Figure S5A). We hypothesized that this discrepancy in intestinal
gene expression was attributable to heterogeneity in the SPF microbiome (O'Rourke et al., 1988; Dobson
etal., 2019; Sivan et al., 2015). To further evaluate this, we generated shotgun sequencing data profiling the
fecal microbiota of gnotobiotic mice colonized with SPF microbiota (Table Sé). Phylum-level taxonomy was
reported in the two cited studies; even at this broad taxonomic rank, we found that our SPF microbiota
harbored a greater proportional abundance of Firmicutes and lower abundances of Proteobacteria and
TM7 genera (Figure S5B). Methodological differences may have contributed to these discrepancies
(e.g., use of microarray (El Aidy et al., 2012) and 454 pyrosequencing (Larsson et al., 2012) versus Illumina
sequencing in our study; use of conventional versus “conventionalized” mice, which impacts intestinal gene
expression (Camp et al., 2014); precise location of intestinal tract profiled; and use of exclusively male mice,
whereas we studied males and females).

DISCUSSION

Our observations in a gnotobiotic mouse model suggest that gut bacterial bile acid metabolism regulates
colonic transit in a sex-biased manner: greater gut bacterial BSH activity drives faster colonic transit, with
greater pro-motility effects in males. ENS transcriptomic signatures were microbiota-specific, exquisitely
sensitive to environmental perturbations (including to a single diet ingredient), and regionally stereotypic,
consistent with two recent studies (Muller et al., 2020; Obata et al., 2020). Differences in observed effects of
gut microbial colonization on intestinal gene expression between studies (El Aidy et al., 2012; Larsson et al.,
2012) underscore the point that because the microbiome is not a singular entity with a uniform effect, the
state of being colonized is therefore not a singular thing. This highlights the challenges with reproducibility
in microbiome studies and underscores the value of gnotobiotic models and defined microbial consortia
that have been carefully phenotyped and genotyped.

Motility is often slower in females, both in health (Lampe et al., 1993) and in irritable bowel syndrome
(Adeyemo et al., 2010; Klem et al., 2017; Kim and Kim, 2018). Sex-biased differences in gut motility may
have broader implications for health (Burkitt et al., 1972; Bjerknes and Cheng, 20071; Maruti et al., 2008).
Our findings are consistent with human studies that have demonstrated (1) faster gut motility in males
that correlates with differences in bile acid profiles (Lampe et al., 1993) and (2) motility effects of bile
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acid administration (Odunsi-Shiyanbade et al., 2010; Rao et al., 2010). Together, our results suggest that
strategies for treating or preventing gastrointestinal diseases may need to be tailored to sex and to bioge-
ography of the gut. While targeting the microbiome and the ENS is justified, our observation of significant
transcriptional responses to defined interventions in a highly controlled gnotobiotic setting also highlights
challenges to clinical translation. The human experience—which reflects the aggregate effects of the innu-
merable dietary ingredients that we consume daily, the hugely diverse metabolically dynamic microbes
that inhabit our guts, our own digestive processes, and the interactions of all of the above that result in
thousands of gut metabolites—entails significantly more complex and variable transcriptional responses
to environmental cues.

Limitations of the study

There are several limitations of our study. First, sex-biased gut motility phenotypes, which we could reproduce
via intra-colonic bile acid infusions, could not be explained by sex-biased differential expression of bile acid
receptors (e.g., Tgrb, which encodes the bile acid receptor known to be expressed by enteric neurons (Poole
etal., 2010)) or by differential bile acid production by the gut microbiome, both of which we found to be equiv-
alent in males and females. Similar to our findings, another recent study did not identify sex-biased gene
expression by enteric neurons (Obata et al., 2020). Uncovering the underlying host biology may require
more granular ENS gene expression profiling at single-cell resolution (Drokhlyansky et al., 2020) combined
with mouse models in which hormones and hormone receptors are manipulated. Second, our use of gnoto-
biotic mice is almost certainly an imperfect model of humans, but this system permitted us to carefully and
precisely control colonization and our experimental interventions. Third, our differential gene expression cal-
culations likely underestimate true fold-changes for some of these genes due to non-specific expression (as
illustrated in Figure S2B). Fourth, our reductionist model overlooks differences between the two BSH-low
communities and between the two BSH-high communities that are unrelated to BSH, including metabolic dif-
ferences that may influence gut transit. Nonetheless, our study establishes gut microbial bile acid metabolism
as a driver of sex-biased motility phenotypes, and we demonstrate potential modulation of motility via colonic
administration of bile acids. Our results should help inform the design and interpretation of clinical studies
testing the efficacy of bile acid-based approaches in treating motility disorders in humans.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Bacteroides caccae ATCC 43185
Bacteroides finegoldii DSM 17565
Bacteroides thetaiotaomicron VPI 5482
Bacteroides vulgatus ATCC 8482
Citrobacter youngae ATCC 29220
Clostridium asparagiforme DSM 15981
Clostridium leptum DSM 753
Clostridium scindens ATCC 35704
Clostridium sporogenes ATCC 15579
Dorea formicigenerans ATCC 27755
Dorea longicatena DSM 13814
Enterobacter cancerogenus ATCC 35316
Escherichia fergusonii ATCC 35469
Lactobacillus ruminis ATCC 25644
Megamonas funiformis DSM 19343
Ruminococcus gnavus ATCC 29149
Ruminococcus obeum ATCC 29174
Ruminococcus torques ATCC 27756
Chemicals, peptides, and recombinant proteins

SBI-115 MedChemExpress HY-111534
Fluorescein isothiocyanate- Sigma-Aldrich 46945
dextran (FITC-dextran; 70,000 MW)

Carmine powder Sigma-Aldrich C1022
Methylcellulose Sigma-Aldrich MO0512
Phosphate buffered saline Fisher Scientific BP2944100
tablets (PBS)

RNAater Qiagen 76106
Deoxycholic acid Sigma-Aldrich 30960
Lithocholic acid Sigma-Aldrich L6250
Cholic acid Sigma-Aldrich C1129
B-Muricholic Acid Sigma-Aldrich SML2372
Taurocholic acid Sigma-Aldrich T4009
RNeasy Mini Kit Qiagen 74106
AIN-93M irradiated mouse chow Envigo TD.170815
AIN-93M irradiated mouse Envigo TD.170816

chow with turmeric

Deposited data

Bacterial shotgun sequencing

datasets
Mouse gene expression data

Mouse gene expression data

European Nucleotide
Archive (ENA)

El Aidy et al., 2012

Larsson et al., 2012

ENA: PRJEB38547

https://www.nature.com/articles/mi201232
https://gut.bmj.com/content/61/8/1124
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: organisms/strains

Mouse: Wild-type Swiss-Webster http://www.uwgnotobiotics.org  N/A

Mouse: Ret+/- and wild-type Enomoto et al., 2001 N/A
littermates

Software and algorithms

nSolver™ Analysis Software NanoString Technologies https://www.nanostring.com/
products/analysis-solutions/

ncounter-advanced-analysis-software/

Custom R scripts Dey Lab https://github.com/DeylLab

Kraken2 Wood and Salzberg, 2014 https://github.com/DerrickWood/
kraken2/wiki

MetaPhlAn2 Segata et al., 2012 https://huttenhower.sph.harvard.edu/
metaphlan2/

USEARCH Edgar and Flyvbjerg, 2015 https://www.drive5.com/usearch/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Neelendu Dey (ndey@fredhutch.org).

Materials availability

This study did not develop new unique reagents.

Data and code availability

The accession number for the bacterial shotgun sequencing data reported in this paper is ENA: PRJIEB38547.
Experimental data associated with this study are available in supplemental information. Custom scripts used for
data analysis available at https://github.com/DeylLab.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal husbandry

Gnotobiotic mouse experiments were performed on male and female (1) wild-type Swiss-Webster mice and (2)
Ret+/- mice and wild-type littermates (Enomoto et al., 2001) using protocols approved by the Institutional An-
imal Care and Use Committee of the University of Washington. Mice were 6-8 weeks old at the start of exper-
iments. The intra-colonic bile acid infusion experiment was conducted in conventionally raised mice using pro-
tocols approved by the Fred Hutchinson Cancer Research Center. Mice were housed in environmentally
controlled rooms of an AALAC accredited facility under 6am/8pm light/dark cycles. Breeding mice were main-
tained in sterile, flexible, plastic gnotobiotic isolators (Class Biologically Clean Ltd., Madison, WI), while exper-
imental animals were housed in Tecniplast cages (Tecniplast Group, West Chester, PA). Prior to experiments,
sterility was ensured by collecting fecal pellets from GF mice and subjecting them to 16S rDNA PCR, aerobic
culturing, and anaerobic culturing. To minimize variability in composition between diets, the turmeric-contain-
ing and bland diets were identical in composition with the exception of 0.1% turmeric by weight: a batch of
bland diet (Envigo TD.170815; AIN-93M diet; 12.4% protein and 4.1% fat by weight) was prepared and split
into two, and 0.1% turmeric was added to one portion (Envigo TD.170816). Diets were sterilized via irradiation
with 20-50 kGy, with documented minimum delivered dose of 27.2 kGy. Mice were fed ad libitum starting 3-
4 days prior to day O (the day of colonization or, in the case of GF mice, the official experimental start date).
The fecal microbiota and bacterial consortia used for colonization were prepared in an anaerobic chamber;
the fecal microbiota suspension was derived from fecal pellets collected from conventionally housed wild-
type SPF mice. All oral gavages (for purposes of microbiota transplantation and for motility assays) were per-
formed by the same individual within a consistent time frame (between 08:00 and 09:00 local time) in all mice
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in order to minimize variability. Fresh fecal pellets were collected from mice throughout experiments in sterile
tubes, snap-frozen in liquid nitrogen, and stored at —80°C until use.

METHOD DETAILS
Gut motility measurements

FITC assay. 200 pL per mouse of a sterilized 5 mg/mL solution of fluorescein isothiocyanate-dextran (FITC-
dextran; 70,000 MW; Sigma-Aldrich, St. Louis, MO) prepared in PBS was delivered via oral gavage. Mice
were euthanized 2 hr later (except in a single experiment in which a 4-hr interval was studied, as described
in the text), and gastrointestinal tracts were immediately harvested and placed in ice-cold PBS for 30 s to
inhibit motility, after which they were cut into a total of 12 segments: stomach, small intestine (partitioned
into 8 equal-sized segments), and colon (with cecum first dissected out; the remainder was then partitioned
into two equal-sized segments). Each of the 12 segments was flushed with 2 mL of PBS. After flushing with
PBS, gut segments were stored in RNAlater (Thermo Fisher Scientific Inc., Waltham, MA) at 4°C for 24 hr
and then transferred to —20°C for storage until use. The intestinal flushes were then subjected to serial di-
lutions, prepared in triplicate. Fluorescence was measured using a BioTek Synergy HTX (BioTek, Winooski,
VT), with absolute fluorescence levels estimated using a dilution series of an FITC-dextran solution of
known concentration. Carmine red dye assay. 150 pL per mouse of a sterilized 6% (w/v) solution of carmine
red (Sigma-Aldrich) in 0.5% methylcellulose (Sigma-Aldrich) was delivered via oral gavage. Fecal output
was monitored every 30 min or more frequently if stool was passed spontaneously. The time from gavage
to appearance of bright red dye was recorded as the whole gut transit time. In the intra-colonic bile acid
experiment, carmine gavage was preceded by rectal administration of 400 pL of a sterilized 4 mM bile acid
solution with the aid of a mouse restraining device. Intra-colonic infusions were performed in the following
order, with intervals of >48 hr between infusions: vehicle control, bMCA, DCA, cholic acid, TCA, and LCA.
In the experiment using the TGRS inhibitor SBI-115 (MedChemExpress, Monmouth Junction, NJ), the order
of infusions was LCA, SBI-115 + LCA (100 pL of SBI-115 was administered 10 min prior to LCA infusion), and
vehicle control.

Functional in vitro assay of bile acid metabolism

We anaerobically co-cultured gut bacterial strains in media containing conjugated primary bile acid sub-
strates (taurocholic acid [TCA], tauro-beta-muricholic acid [TbMCA]). After 48 hr, sterile supernatant
from bacterial cultures were subjected to bile acid profiling via LC-MS using methods described in the
following section. In silico genome-based predictions of bile acid production by different bacterial consor-
tia were binary: Individual bile acid metabolites were either predicted to be detectable or not, without
consideration for concentrations.

Bile acid profiling

Bile acid extractions were performed on ice using 50 mg of each fecal sample. Samples were placed into a
tube containing one 4 mm steel ball, 1 mL of ice-cold water:methanol (1:10 v/v), and 10 pL of a mixture of
internal standards (10 uM each of d4-GCDCA [glyco-chenodeoxycholic acid], d4-LCA [lithocholic acid], d4-
CDCA [chenodeoxycholic acid], d4-DCA, and d4-CA [cholic acid] in 1:1 water:methanol) before mechanical
disruption using a Tissuelyser Il sonication in an ice bath for 10 min, and agitation via a vortex mixer. Sam-
ples were then centrifuged at 15,000 x g at 4°C for 15 min. 800 puL of the supernatant was transferred to a
new tube and dried in a speed vacuum at room temperature. Samples were resuspended in 100 pL of 50%
methanol and stored at —80°C until LC-MS. Ten working standards (2.5-10,000 ng/mL) and 3 quality control
samples with replicates were prepared using the identical protocol as was used for experimental samples.
Before injecting into the LC-MS, samples were transferred into 0.2 um Costar Spin-X HPLC microcentrifuge
filters (Corning Inc., Corning, NY) and centrifuged at 15,000 x g for 10 min. 5 uL filtrate per sample was in-
jected into the Agilent G6460 (version A.00.07.32) ultra-performance liquid chromatography coupled with
mass spectrometry in tandem system (UPLC-MS/MS) combined with a triple quadrupole mass spectrom-
eter via an electrospray ionization interface. Chromatographic separation was performed using a ZORBAX
Eclipse Plus C18 analytical column (2.1 x 100 mm; id: 1.8um). The gradient profile for the LC pump under
the final chromatography conditions was 0 min, 95:5; 5 min, 95:5; 14 min, 86:14; 14.5 min, 75:25; 17.50 min,
75:25; 18 min, 50:50; 22 min, 50:50; 22.50 min, 20:80; 24.50 min, 20:80; 25-28 min, 95:5 (A:B, v/v). Column
temperature was 45°C; sample tray temperature was 9°C. MS/MS spectra were produced in negative ioni-
zation mode.
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RNA isolation

20 mg of each sample was placed into a tube containing 0.1 mm zirconium beads, a 4 mm steel ball, and
homogenization buffer before mechanical disruption using a Tissuelyser Il (Qiagen, Hilden, Germany).
RNA was purified using RNeasy Mini kits (Qiagen).

Gene expression quantification

RNA samples were run on a custom NanoString nCounter panel in the Fred Hutch Genomics Core using manu-
facturer protocols. To minimize batch effects, samples were pseudo-randomized across different runs. Raw
counts were imported into NanoString nSolver for normalization. Spiked-in negative control probes were
used to determine the minimum threshold for detection (i.e., background thresholding): first, the geometric
mean of the negative control probes was calculated, and this was used to set the threshold for background levels;
then, normalized values less than background were set to this background level. Spiked-in positive control
probes were used to adjust for lane-to-lane and run-to-run variations: the geometric mean of the positive control
probesin combination with the expression levels of housekeeping genes and 4 samples included in multiple runs
(2 colonized, 2 GF) were used to calculate normalization factors. Normalized data were then analyzed in R.

Assessment of ENS transcriptomic signatures

Principal coordinates analysis was performed on Bray-Curtis dissimilarities between samples that were
calculated using the subsets of normalized NanoString data consisting of ENS-specific genes.

Supervised machine learning analysis

Discriminatory genes were identified using Random Forest as implemented in the randomForest package
(version 4.6-14), with importance scores averaged and aggregated after 100 iterations and 1,000 trees per
iteration.

Multiplex sequencing for gut microbiota profiling

Genomic DNA was derived from fecal pellets using combined physical (bead beating) and chemical (SDS)
disruption, phenol/chloroform extraction, and purification using QlAquick spin columns (Qiagen).
Genomic DNA was sheared using a Covaris LE220 ultrasonicator (Covaris, Woburn, MA). Sample-specific
barcoded adapters were ligated to end-repaired DNA fragments, after which libraries were prepared for
shotgun sequencing on the lllumina MiniSeq platform. An earlier sequencing run was performed using a 75
nt single-end strategy (369,980 + 251,360 high-quality reads per sample [mean + SEM], range 59,862 -
952,873); a subsequent run used a 150 nt paired-end strategy (76,661 + 49,279, range 12,536 - 171,548).
Reads mapping to the mouse genome (UCSC mm10; Bowtie2, version 2.2.5 (Langmead and Salzberg,
2012)) or estimated to have >1 error (USEARCH, version 11 (Edgar and Flyvbjerg, 2015)) were removed;
paired-end reads were joined and quality-filtered with USEARCH's fastq_merge function using default pa-
rameters. Datasets were rarefied to 22,356 (single-end) or 7,101 (paired-end) randomly selected high-qual-
ity reads (or pairs of reads) per sample. Taxonomic classifications for samples corresponding to synthetic
consortia were performed with Kraken2 (Wood and Salzberg, 2014) using custom reference databases for
each defined consortium; classifications of reads generated from SPF microbiota-colonized mice were per-
formed with MetaPhlAn2 (Segata et al., 2012) using default parameters.

Comparing prior studies

Datasets from two prior studies (El Aidy et al., 2012; Larsson et al., 2012) were downloaded from publisher web-
sites. Shared genes (n= 1,170 between El Aidy et al. and Larsson et al.; n = 16 between El Aidy et al. and the pre-
sent study; n = 29 between Larsson et al. and the present study) were identified by exact gene name matching.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparisons were performed in R (version 4.0.0). Two-tailed t-tests and ANOVA were used for
comparisons of datasets with normal distributions. PERMANOVA was used as a non-parametric multivar-
iate test to compare dissimilarities in gene expression profiles of different samples. Factors such as diet,
age, and genotype were controlled to the greatest extent possible in the reported comparisons. p values
of <0.05 were considered significant. Plots were generated in R (using native functions as well as the
ggplot2 [version 3.3.0] and pheatmap [version 1.0.12] packages) and assembled in Adobe lllustrator.
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