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PHYSIOLOGY

Fxr signaling and microbial metabolism of bile salts

in the zebrafish intestine

Jia Wen', Gilberto Padilla Mercado', Alyssa Volland?!, Heidi L. Doden?3, Colin R. Lickwar',
Taylor Crooks?*, Genta Kakiyama®, Cecelia Kelly', Jordan L. Cocchiaro'®,

Jason M. Ridlon*35%, John F. Rawls'*

Bile salt synthesis, secretion into the intestinal lumen, and resorption in the ileum occur in all vertebrate classes.
In mammals, bile salt composition is determined by host and microbial enzymes, affecting signaling through the
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bile salt-binding transcription factor farnesoid X receptor (Fxr). However, these processes in other vertebrate classes
remain poorly understood. We show that key components of hepatic bile salt synthesis and ileal transport pathways
are conserved and under control of Fxr in zebrafish. Zebrafish bile salts consist primarily of a C,7 bile alcohol and
a Cy4 bile acid that undergo multiple microbial modifications including bile acid deconjugation that augments Fxr
activity. Using single-cell RNA sequencing, we provide a cellular atlas of the zebrafish intestinal epithelium and
uncover roles for Fxr in transcriptional and differentiation programs in ileal and other cell types. These results
establish zebrafish as a nonmammalian vertebrate model for studying bile salt metabolism and Fxr signaling.

INTRODUCTION

Bile salts are the end product of cholesterol catabolism in the liver of
all vertebrates (I). Upon lipid ingestion, bile salts are released into
the duodenum as emulsifiers to solubilize lipids and are then reab-
sorbed by the ileum into the portal vein to return to the liver, a pro-
cess known as enterohepatic circulation. Bile salts also act as signaling
molecules that exert diverse effects by activating nuclear or membrane-
bound receptors (2). This includes the nuclear receptor farnesoid X
receptor (FXR/NR1H4), an evolutionarily conserved transcription
factor (TF) that uses bile salts as endogenous ligands (3). Upon
binding with bile salts, FXR regulates a large number of target genes
involved in bile salt, lipid, and glucose metabolism (4). FXR activity
can be modulated by the chemical structure of bile salts, which dif-
fer considerably across vertebrate species (5). For example, fish and
amphibians contain predominantly 27-carbon (C,7) bile alcohols,
whereas mammals mainly have 24-carbon (C,4) bile acids (1). Even
within the same species, there can be substantial diversity in bile salt
structures. One key contributor to this diversity is the gut microbiota,
which can modify the side chain(s) or stereostructure of the conju-
gated primary bile salts synthesized by the liver (6). This leads to the
production of various unconjugated or secondary bile salts in the
intestine with different activities toward FXR, therefore altering FXR-
mediated signaling pathways. Although bile salts and FXR are present
in diverse vertebrate species (7), our knowledge about bile salt-FXR
signaling has been almost entirely limited to humans and rodents.
It remains unclear when this signaling axis arose and whether its
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functions changed over the course of vertebrate evolution. Further-
more, while mice have been an effective model at revealing FXR func-
tions relevant to humans, there are substantial differences unique to
mice, including the presence of endogenous bile salt Fxr antagonist,
and Fxr-mediated metabolic activities distinct from humans (8, 9).
Therefore, additional vertebrate models are needed to provide com-
plementary perspectives into the mechanistic relationships between
microbiota, bile salts, and FXR signaling across vertebrates and to
potentially reveal previously unidentified functions of FXR.

The zebrafish (Danio rerio) has emerged as a powerful model for
studying bile salt-related liver diseases due to their conserved mecha-
nisms of liver and intestinal development and bile secretion, facile
genetic and transgenic manipulations, and ease of monitoring host-
microbiota interactions and other physiological processes in vivo
(10-13). The genome of zebrafish has orthologs of many mammalian
genes known to be involved in bile salt homeostasis, including bile
salt transporters, bile salt synthesis enzymes, and FXR (7, 11, 14, 15).
Furthermore, genes involved in bile salt absorption are expressed in
a conserved ileal region of the zebrafish intestine (16). However, the
requirement for those zebrafish genes in enterohepatic circulation
and bile salt signaling remains largely untested. In addition, although
primary bile salt composition in zebrafish has been assessed (17, 18),
microbial metabolism of zebrafish bile salts has not been explored.

Here, we establish zebrafish as a nonmammalian vertebrate model
to study the bile salt-Fxr signaling axis. We establish the evolutionary
conservation of key components of this axis between zebrafish and
mammals and assess the contribution of zebrafish gut microbes to
the modulation of the bile salt-Fxr signaling. Furthermore, we un-
cover the requirements of zebrafish Fxr in gene expression and dif-
ferentiation in multiple intestinal epithelial cell (IEC) types using
single-cell transcriptomics.

RESULTS

Key components of the Fxr signaling pathway are

conserved in zebrafish

We used CRISPR-Cas9 to generate fxr mutant zebrafish harboring
a 10-bp (base pair) deletion in the Fxr DNA binding domain
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(designated rdu81, homozygous mutant hereafter referred to as fxr /")
(Fig. 1A and fig. S1, A and B). These fxr '~ zebrafish were viable,
exhibited normal development, and were externally indistinguish-
able from their fxr*/* siblings (fig. S1C). To define the impacts of fxr
mutation on gene expression, we evaluated predicted Fxr targets.
Fatty acid binding protein 6 (fabp6), the gene encoding the ileal bile
acid binding protein, is a known Fxr target in mammals and is highly
expressed in the zebrafish ileum (16, 19). Using a new reporter line
Tg(-1.7fabp6:GFP) that expresses green fluorescent protein (GFP)
in the ileal epithelium under control of the 1.7-kb fabp6 promoter,
we observed notable attenuation of GFP fluorescence in fxr '~
zebrafish larvae compared to fxr” " wild-type (wt) controls (Fig. 1B).
This suggested that expression of fabp6 in the ileum is dependent
on Fxr in larval zebrafish as it is in mammals (19), and that this re-
porter line can be used to monitor Fxr activity in vivo. Examination
of a larger panel of predicted Fxr target genes involved in bile salt
homeostasis revealed similar transcriptional changes in fir '~ zebrafish
as seen in Fxr knockout mice (Fig. 1C) (11, 19-21). This includes
reduced expression of fabpé6, the fibroblast growth factor fgf19, and
the bile salt export pump abcbl1b, along with induction of cyp7al
that encodes the rate-limiting enzyme cholesterol 7o-hydroxylase in

hepatic bile salt synthesis. Notably, the apical sodium-dependent bile
acid transporter slc10a2, which is indirectly repressed by FXR in
mice and humans, appeared to be positively regulated by Fxr in
zebrafish, as slc10a2 expression was reduced in fxr”'~ zebrafish
(Fig. 1B). This could lead to increased fecal excretion of bile salt
in the fxr™'~ zebrafish and may explain why the total bile salt levels
remained similar in larvae of both genotypes (fig. S1D). Nonetheless,
these data reveal that Fxr is critical for the coordinated expression of
bile salt metabolism genes in zebrafish larvae as in mammals.

In mammals, Fxr-mediated regulation of host physiology can occur
in a sex- and developmental stage-specific manner (22-24). When
examining the expression of host bile metabolism genes in adult
zebrafish, we found that several genes also exhibited sex-specific
responsiveness toward Fxr regulation that is distinct from larval
zebrafish (fig. S1E). For example, in adult male fxr '~ zebrafish, only
slc10a2 and abcb11b, but not fabp6, showed reduced expression
upon fxr mutation, whereas in adult female fxr'~ zebrafish, none of
these bile salt transporters displayed altered expression. The causes
of these developmental stage- and sex-specific phenotypes in fxr
mutant zebrafish remain unclear. Transcript levels of fxr are strongly
reduced in fxr”'~ zebrafish as expected due to nonsense-mediated
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Fig. 1. Genetic analyses reveal conserved key components of the bile salt-Fxr signaling axis in zebrafish. (A) Quantitative reverse transcription polymerase chain
reaction (GRT-PCR) comparing fxr expression in whole 7-day post-fertilization (dpf) fxr wild-type (wt) (fxr*’*) or fxr homozygous mutant (') zebrafish larvae. (B) Imaging
and quantification of GFP fluorescence of the ileal region of 7-dpf fxr*’* and fxr™~ Tg(-1.7fabp6:GFP) larvae. The ileal region is indicated by arrows. RFU, relative fluorescence unit.
(C) qRT-PCR comparing expression of genes related to bile salt metabolism in dissected digestive tracts (including intestine, liver, pancreas, and gall bladder) of 7-dpf
fxr™’* or fxr’~ larvae (for fabp6, sic10a2, and fgf19) or dissected liver of gender- and size-matched adult male fxr*’* or fxr™’~ zebrafish (for abcb11b and cyp7aT). The results
are represented as relative expression levels normalized to 78S (mean + SEM). (D and E) Imaging and quantification of GFP fluorescence of the ileal region of 7-dpf
Tg(-1.7fabp6:GFP) cyp7al+/+ and cyp7a 17" larvae (D) or slc10a2*"~ and slc10a27~ larvae (E). The zebrafish ileal region is indicated by arrows. Scale bars, 100 um in (B), (D),
and (E). Statistical significance was calculated by unpaired t test. Representative data from at least three independent experiments are shown.
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decay (fig. S1F), and its closest homologs lxr/nr1h3 and fxrb/nr1h5
show no compensatory increases in expression in fxr~'~ zebrafish
(fig. S1F) (25). Because many Fxr targets can be co-regulated by Fxr
and other TFs (26), we speculate that the altered responsiveness of
these bile salt transporters to Fxr in adult zebrafish may be due to
increased roles for other TFs at those stages.

Bile salt-mediated Fxr activation is conserved in zebrafish
asin mammals

Having identified conservation of the signaling pathways downstream
of Fxr between zebrafish and mammals, we next sought to test whether
the activity of Fxr is regulated by bile salts in zebrafish. To do so, we
first defined the level and diversity of zebrafish bile salts by analyzing
the biliary bile extracted from pooled adult zebrafish gallbladders
using electrospray ionization liquid chromatography-mass spectrom-
etry (ESI-LC-MS). On the basis of the mass ion, the major component
(83.4%) of the purified zebrafish bile was determined to be 50-
cyprinol sulfate (50.CS), a C,7 bile alcohol species commonly present
in fishes (Fig. 2A) (27). This was further validated by examining
the 1H, 13C, COSY (correlation spectroscopy), and HSQC NMR
(heteronuclear single-quantum coherence nuclear magnetic resonance)
spectra of this compound (fig. S2A). We also identified several minor
bile salt species, including 8.8% taurocholic acid (TCA), a C,4 bile acid
commonly found in mammals, 7.8% 50-cholestane-30,70,120,26-tetrol
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sulfate, a precursor of 5aCS (I, 27), and a trace amount of the de-
hydrogenated form of 5aCS (Fig. 2A).

The predominant zebrafish bile salt, the C,; bile alcohol 50CS,
differs markedly from the common mammalian bile salts, the Cy4
bile acids, in both the stereostructure and the number of carbon
atoms. Therefore, we asked whether such distinct bile salt composi-
tion results in differential regulation of Fxr signaling between fishes
and mammals. We thus modulated the zebrafish bile salt levels by
disrupting the hepatic synthesis or ileal uptake of bile salts and
monitored the impacts on Fxr activity using the Tg(-1.7fabp6:GFP)
reporter. To reduce hepatic bile salt synthesis, we generated a new
cyp7al mutant zebrafish (16 bp, designated rdu84, homozygous
mutant hereafter referred to as cyp7al™""), which exhibited a signif-
icant reduction in the total bile salt levels as compared to its wt
counterparts (fig. S2, C to E, and Supplementary Results). Using the
reporter assay, we observed an over 50% decrease in GFP fluores-
cence in cyp7al mutant zebrafish as compared to wt, suggesting
that Fxr activity was reduced as a result of bile salt deficiency in
zebrafish (Fig. 1D). To reduce bile salt uptake in the ileum, we used
slc10a2 mutant (slc10q2%2186/5a2486. designated as slc10a27"") zebrafish
(fig. S2F) (28), which also showed significantly decreased ileal GFP
fluorescence, consistent with compromised Fxr activity due to in-
sufficient bile salt uptake (Fig. 1E). Together, these results suggest
that despite the compositional differences in bile salts between
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Fig. 2. Zebrafish and carp bile salts consist of both C,4 bile alcohols and C;; bile acids. (A) Mass spectrometry chromatograms of the bile salts extracted from adult
zebrafish gallbladders. The identity and proportion of major peaks are listed. The height of each peak is shown as the relative percentage that was normalized to the
highest peak of the metabolites detected. Structures of 50CS and TCA are shown. (B and €) MS chromatograms of the bile salts extracted from adult carp gallbladders (B)
or adult carp intestinal contents (C). The identities of major peaks are listed accordingly.
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zebrafish and mammals, bile salts still activate Fxr and the down-
stream signaling in the ileal epithelium of zebrafish.

Next, we asked if zebrafish Fxr can respond to chemical agents
other than its natural ligand bile salts. We therefore treated the
Tg(-1.7fabp6:GFP) reporter zebrafish larvae with chemicals known
to regulate FXR activities in mammals and monitored changes in
GFP fluorescence. We observed a strong reduction of GFP fluores-
cence when larval zebrafish were treated with the Fxr antagonist
guggulsterone (29) and an increase of fluorescence with the Fxr
agonist GW4064 (fig. S2G) (30). This suggests that zebrafish Fxr
signaling can be tuned through chemical manipulations. Therefore,
while genetic mutation of fxr or other bile metabolism genes in
zebrafish is efficient to study Fxr signaling, the zebrafish model can
also be used in a more physiologically relevant setting by controlling
Fxr activities.

Fish microbiota modulate bile salt diversity in vivo
and in vitro
Primary bile salts can be modified by intestinal microbiota into var-
ious unconjugated primary and secondary bile salts and then cycled
back to the liver through enterohepatic circulation (5). Our findings
on zebrafish biliary bile salt diversity demonstrated the presence of
a dehydrogenated 50CS (Fig. 2A). However, it is not clear if this
modified 50CS is an intermediate derived from de novo 50CS bio-
synthesis or a recycled bile salt that has been modified by gut micro-
biota. Furthermore, biliary bile salts do not accurately reflect the full
spectrum of microbial modification that occurs in the intestine. We
therefore examined bile salt diversity in the intestinal contents of
adult zebrafish, aiming to determine whether microbial modifica-
tions of bile salts occur. 5aCS and TCA were present in zebrafish
intestinal contents (fig. $3); however, the low biomass of the zebrafish
luminal contents limited our ability to accurately detect and/or
quantify these bile salts and their derivatives. Thus, we turned to a
larger cyprinid fish species closely related to zebrafish, the Asian grass
carp (Ctenopharyngodon idella), and compared the bile salt diversity
between the carp biliary bile and gut contents to determine whether
bile salts are modified by carp gut microbiota (Fig. 2, B and C). Carp
have a similar biliary bile salt profile to zebrafish, as all major peaks
found in zebrafish were also present in carp (Fig. 2, A and B), except
that it produces a different tetrahydroxy bile alcohol sulfate (Fig. 2B,
peak d), likely a 5B-isomer of the cholestane-30,70,120,26-tetrolsulfate
(1, 31). Notably, in the bile salts isolated from carp intestinal con-
tents, we observed a new peak sharing the same mass ratio but a
different retention time with 5aCS, indicative of an epimerized
50.CS. This suggests that carp microbiota can oxidize and epimerize
an o- to a B-hydroxyl group of the primary bile alcohol 5aCS
(Fig. 2C). To our knowledge, this is the first evidence demonstrat-
ing the ability of microbes to metabolize bile alcohols in vertebrates.
To test whether similar and/or additional microbial modifica-
tions might be present in the zebrafish gut, we developed an in vitro
bile salt modification assay using LC-MS (Fig. 3A). Complex micro-
biota or individual microbes isolated from the zebrafish intestine
were first enriched under aerobic or anaerobic conditions and then
incubated with the bile salts of interest. This assay system was vali-
dated through successful detection of common modifications of
primary bile salts upon treating with microbes known to perform
these modifications (fig. S4, A and B). We then used this system to
test whether zebrafish microbiota modify 5aCS and TCA, the
primary bile alcohol and acid in zebrafish. For 5aCS cultured with
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Fig. 3. Microbiota modulate bile salt diversity in zebrafish. (A) Schematic
diagram of the in vitro bile salt metabolism assay. Complex microbiota or indi-
vidual bacterial strains were enriched in modified tryptic soy broth (TSB) media
under both aerobic and anaerobic conditions, and then incubated with 50 uM bile
salts of interest, after which the total bile salts were extracted from individual
bacterial cultures and subjected to LC-MS to identify modification of the supple-
mented bile salts. The diagram is created with BioRender.com. (B and C) LC-MS
chromatographs of bile salt metabolites extracted from enriched zebrafish micro-
biota cultures supplemented with 50 uM 50CS (B) or TCA (C) under aerobic (left)
or anaerobic (right) conditions. The arrowheads indicate the supplemented bile
salts and internal control: black arrowhead, 5aCS; white arrowhead, TCA; gray
arrowhead, internal standard D4-glycocholic acid (D4-GCA). The arrows indicate
that bile salt metabolites resulted from microbial modification of the supplemented
bile salts: green arrow, dehydrogenated 50CS; magenta arrow, epimerized 5aCS;
purple arrow, CA. The height of each peak is shown as the relative percentage that
was normalized to the highest peak of the metabolites detected. Representative
chromatographs of zebrafish microbiota from four independent biological repli-
cate cultures are shown.
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zebrafish microbiota, two newly emerged peaks, representing the
microbial metabolites of 50CS, were detected in both aerobic and
anaerobic conditions. One peak showed a mass ion of 529.3 mass/
charge ratio (m/z) with an elution time of 7.4 min, suggesting a
keto-50CS variant (Fig. 3B). The loss of two mass units observed in
this product is consistent with bacterial hydroxysteroid dehydroge-
nase (HSDH) activity found in human gut microbiota (32). The
other peak, with a mass ion of 531.3 m/z and an elution time of
6.4 min, corresponded to an epimerized 50CS, a downstream product
of the keto-50.CS variant, therefore further confirming the presence of
HSDHs in zebrafish microbiota (Fig. 3B). Both peaks were also present
in carp intestinal content (Fig. 2C), suggesting that microbiota-
mediated 50CS dehydrogenation and epimerization are conserved
in these cyprinid fishes.

Cultures incubated with TCA resulted in a new peak corre-
sponding to cholic acid (CA), the deconjugated product of TCA, in
several microbiota cultures prepared from pooled adult zebrafish
guts, although the extent of deconjugation varied across biological
replicate cultures (Fig. 3C). For example, aerobic microbiota #1 ex-
hibited a complete deconjugation of TCA to CA, whereas aerobic
microbiota #3 showed no sign of deconjugation. This likely indi-
cates the variable distribution of microbes containing bile salt
hydrolase (BSH), the enzyme catalyzing the deconjugation of TCA,
among zebrafish. The presence or absence of BSH activity in a given
zebrafish microbial community does not always match between
aerobic and anaerobic conditions. For instance, zebrafish microbio-
ta #3 deconjugated TCA only under anaerobic conditions, whereas
microbiota #1 catalyzed deconjugation only under aerobic condi-
tions. This suggests that the bacteria responsible for deconjugation
are likely different among distinct zebrafish microbiota and that
more than one deconjugating bacterium is present in zebrafish. No
other transformations of 5aCS or CA were detected in cultures.
Collectively, our results indicate that microbial modification of bile
salts is a conserved feature between zebrafish and mammals.

Having shown that zebrafish microbiota modify both 5aCS and
TCA, we sought to determine the bacterial specificity of bile salt
modification in zebrafish. We screened a panel of zebrafish gut iso-
lates representing several major bacterial taxa in the zebrafish gut
toward 50CS and TCA (Fig. 4A and fig. S4C). None of the tested
strains modified 50CS. Yet, we identified one Gammaproteobacte-
ria strain, Acinetobacter sp. ZOR0008, capable of deconjugating
TCA (Fig. 4A). After overnight incubation with Acinetobacter sp.,
we observed complete conversion of 25 pM TCA to CA, suggesting
robust BSH activity (Fig. 4A). To our knowledge, this the first
zebrafish gut bacterium confirmed to have bile salt metabolizing
activity.

Microbial modifications of bile salts in zebrafish modulate
Fxr activity

In mammals, microbial modification of bile salts can alter the sig-
naling property of bile salts and modulate host physiology. Given that
the primary bile acid TCA can be metabolized into CA by gut microbes
in zebrafish, we investigated the potential impact of that modifica-
tion on Fxr signaling in vivo by monitoring Tg(-1.7fabp6:GFP)
zebrafish treated with exogenous TCA or CA. To reduce the influ-
ences of Fxr activity caused by endogenous bile salts, we performed
the reporter assay in the cyp7al~'"~ background. Physiological con-
centrations of TCA or CA were supplemented to larval zebrafish,
and GFP fluorescence was monitored after 4 days (27). Zebrafish
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larvae treated with CA exhibited increased GFP fluorescence as
compared to those with TCA, and both showed higher fluorescence
than the nontreated controls (Fig. 4B). This suggests that both TCA
and CA activate Fxr and that CA is more potent than TCA, con-
sistent with observations in mammals (33). We further validated
these findings under a more stringent setting using wt germ-free
(GF) zebrafish, which permit competition between endogenous
versus exogenous bile salts and eliminate potential influences of mi-
crobiota on metabolizing the supplemented bile salts. Quantitative
reverse transcription polymerase chain reaction (QRT-PCR) results
suggested that CA treatment increased expression of Fxr targets,
such as fabp6 and fgf19, as compared to TCA, confirming that CA
displays higher potency than TCA in activating Fxr (Fig. 4C).
Together, our observations suggest that zebrafish gut microbiota
have the potential to regulate Fxr-mediated signaling through mod-
ification of primary bile salts.

Fxr regulates diverse cell types identified in zebrafish
intestine by single-cell RNA sequencing

Having established that bile salts and gut microbes interactively
regulate Fxr activity, we next sought to discern how Fxr, in turn,
contributes to intestinal functions. Gross intestinal morphology
appeared normal in zebrafish and mice lacking Fxr function (Fig. 1B)
(34), but strong attenuation of the fabp6 reporter in fxr mutant
zebrafish (Fig. 1B) suggested potential effects of fxr mutation on
functional specification of IECs. To test this possibility, we per-
formed single-cell RNA sequencing (scRNA-seq) on 12,543 IECs
sorted from 6-day post-fertilization (dpf) fxr*’* or fxr™™ zebrafish
larvae on a TgBAC(cldnl5la-GFP) transgenic background that
expresses GFP in all IECs (35). After quality control, 4710 cells from
fxr*’* and 5208 cells from fxr™'~ samples were used for downstream
analyses (fig. S5, A to E). Twenty-seven distinct clusters were gener-
ated by unsupervised clustering of these cells using the Seurat
R package as described previously (Fig. 5A and fig. S5, A to E) (36).
The cell types represented by these clusters were inferred through
integrative analysis of published expression data of previously iden-
tified gene markers, novel markers of each cluster identified in this
study by differential gene expression, and functional predictions
from the gene expression data generated in this study (datasets S1 to
S3 and Supplementary Results). The resulting annotation revealed a
range of IEC types including absorptive enterocytes, goblet cells
(including those that resemble mammalian tuft cells and microfold
cells), enteroendocrine cells, secretory precursors, ionocytes (in-
cluding those that resemble mammalian BEST4/OTOP2 cells) (37),
and foregut epithelial cells, as well as low levels of several other
apparent contaminating cell types (e.g., exocrine pancreas cells,
epidermis cells, mesenchymal cells, leukocytes, and red blood cells)
(Fig. 5A, table S1, and Supplementary Results). These results, com-
bined with our extended annotation of this scRNA-seq dataset pro-
vided in the Supplementary Materials, provide a useful new resource
for zebrafish intestinal biology.

We next leveraged our scRNA-seq data to test the requirement
for fxr in different IEC types. Supporting the notion that Fxr regu-
lates diverse aspects of intestinal physiology, we found that nearly
one-third of all clusters exhibited over 50% change in cell abun-
dance with an average of ~500 genes displaying over 1.5-fold changes
in expression in response to Fxr mutation (fig. S6, A and B, and
dataset S4). To further evaluate conservation of Fxr-mediated gene
expression between zebrafish and mammals, we compared these
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zebrafish ileal region is indicated by arrows. Scale bars, 100 um. (C) gqRT-PCR comparing the expression of Fxr target genes in 7-dpf wt germ-free larvae that were untreated
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results to an existing dataset of 489 mouse genes differentially regu-
lated in the ileum or colon in response to intestinal Fxr agonism
(38). We identified 583 zebrafish genes that were determined by
BioMart to be homologous to those 489 mouse genes and also de-
tected in our zebrafish dataset. Of the 583 zebrafish genes, 213 of
them were differentially expressed in response to fxr mutation in at
least one cluster (dataset S5). In those instances where 1 of those 213 genes
was differentially expressed in a cluster, the directionality of change
due to Fxr function was consistent with mouse ileum in 59.5%
(72 of 121) of cases and with mouse colon in 49.7% (251 of 499) of
cases. Although it remains unknown if these gene expression changes
are due to direct or indirect effects of Fxr activity, these results do
suggest substantial differences between the gene regulons influ-
enced by Fxr activity in the zebrafish and mouse intestines. This
further underscores the importance of using multiple animal models
to gain complementary insights into bile salt-Fxr signaling path-
ways. Although we already showed that loss of fxr function in ze-
brafish results in reduction of several conserved Fxr target genes
(Fig. 1C), this comparative functional genomic analysis identified
potential additional targets of Fxr regulation that are conserved be-
tween zebrafish and mice such as Pck1 (39), Akr1b7 (40), and Apoal
(dataset S5) (41). Collectively, our scRNA-seq results unveil exten-
sive cellular diversity in the larval zebrafish intestine and highlight
the broad impacts of Fxr on gene expression in diverse cell types.

Fxr regulates functional specialization of ileal epithelial cells
Given the substantial attenuation of the ileal fabp6 reporter in fxr mu-
tant zebrafish (Fig. 1B), we next examined how Fxr affects zebrafish
ileal epithelial cells in our scRNA-seq analysis. We discerned cluster
17 as enriched for zebrafish ileal epithelial cells based on the
abundant expression of bile transporters fabp6, sic10a2, and slc51a
(Fig. 5B). This cluster exhibited a higher level of fxr expression as
compared to all other clusters, consistent with the notion that fxr
displays spatially patterned expression along the intestine with
highest levels in the ileal epithelium (42, 43). We also observed het-
erogeneity in the expression of these bile transporter genes in clus-
ter 17, raising the possibility that multiple subcell types are present
in this cluster (fig. S7A). For clarity, we operationally defined cells
located in cluster 17 as “ileal epithelial cells” and the subset that
expresses one or more bile transporters as “ileocytes.”

Mutation of fxr markedly affected gene expression in cluster 17
cells (fig. S6B and dataset S4). As expected, many down-regulated
genes in cluster 17 fxr mutant cells were related to bile salt metabo-
lism, such as fabpé, slc10a2, and slc51a, consistent with the strong
reduction in the fabp6 reporter activity upon Fxr mutation (Figs. 1B
and 6A). On the other hand, among the up-regulated cluster
17-enriched markers, lysosome process (dre: 04142) was the
most enriched pathway in fxr mutant cells (Fig. 6A and fig. S7B).
Lysosome-mediated degradation is a hallmark function of a specific
type of vacuolated enterocytes named lysosome-rich enterocytes
(LREs) (44). LREs are found in the ileum of fishes and suckling mam-
mals and are known to internalize dietary macronutrients for intra-
cellular digestion (44, 45). Therefore, our data confirm that LREs
are a key type of ileal epithelial cell, and further suggest that Fxr
normally represses LRE gene expression. We observed increased
expression of known LRE markers in fxr mutant cells in cluster 17.
This includes multiple classes of digestive enzymes involved in
macromolecule degradation and transporters responsible for di-
etary protein uptake in LREs (Fig. 6A) (44). To confirm these
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results, we used QRT-PCR to examine expression of several LRE
markers including amn, which encodes Amnionless, the major
component of the multiligand endocytic machinery in LREs, and
ctsbb, which encodes cathepsin B commonly found in lysosomes.
Both genes exhibited higher expression in the zebrafish intestine
upon fxr mutation, validating our scRNA-seq observations (Fig. 6B).
To identify potential transcriptional regulatory pathways involved
in the induction of LRE genes upon fxr mutation, we searched for
TF binding sites (TFBSs) that are overrepresented within accessible
chromatin regions (16) near genes up-regulated in fxr mutant cells
in cluster 17. The top 3 enriched TFBS were ZBTB33, Atf2, and
TATA-box, raising the possibility that Fxr may interact with TFs
that bind at these TFBSs to regulate LRE functions such as lysosomal-
mediated degradation (fig. S7C). Collectively, these results establish
that Fxr promotes expression of bile absorption genes and represses
expression of lysosomal degradation genes in ileal epithelial cells in
zebrafish.

Mice lacking Fxr function display increased inflammation linked
with gut microbial overgrowth and compromised intestinal epithe-
lial barrier function (46); therefore, we speculated that the observed
increase in LRE lysosomal gene expression could be due to similar
phenotypes in zebrafish fxr mutants. However, fxr mutant zebrafish
larvae displayed no evidence of gut microbial overgrowth (fig. S7D),
loss of intestinal barrier function (fig. S7E), or significant increases
in inflammatory gene expression (dataset S4) or transgene reporters
(fig. S7, F and G). This suggests that the increased expression of
lysosomal genes in fxr mutant larvae is not associated with intestinal
inflammation.

The altered gene expression seen in fxr mutant cluster 17 cells
could be explained by Fxr regulating the relative abundance of
different ileal cell types such as ileocytes and LREs, or regulating
expression of genes characteristic of those cell types in cluster 17.
We therefore carried out subclustering of cluster 17, aiming to
distinguish ileocytes from LREs and to delineate the heterogeneity
within these ileal epithelial cells (fig. S8A). To our surprise, we
could not cleanly separate these two subtypes, as many cluster
17 cells expressed both bile transporter genes and LRE markers (fig. S8,
A to C). This indicates an overlap between the bile salt absorption
and lysosomal degradation programs in some cluster 17 ileal epi-
thelial cells, and is in agreement with previous bulk RNA-seq study
showing that LREs can also express ileocyte markers such as fabp6
and slc10a2 (44). To test this overlap in vivo, we took advantage of
the high endocytotic property of LREs and labeled them in
Tg(-1.7fabp6:GFP) zebrafish by gavaging with fluorescent dextran,
which is internalized by LREs (Fig. 6C) (44). Some ileal epithelial
cells were labeled by both GFP and dextran, whereas cells anterior
to this region were only GFP™ and cells posterior to this region were
only dextran®. This was confirmed with a second LRE reporter
TgBAC(lamp2:RFP) (Fig. 6D), further establishing the partial
overlap of these two functionally distinct transcriptional programs.
Collectively, these findings demonstrate that cluster 17 represents
cells located in the zebrafish ileum that include at least three sub-
types that we operationally define as (i) ileocytes, which express bile
metabolism genes and are responsible for bile salt absorption; (ii)
LREs, which express lysosomal enzymes and are responsible for
macromolecule degradation; and (iii) bifunctional cells, which
exhibit both of those programs.

We next sought to determine whether Fxr regulates the abun-
dance or location of these ileal cell types. In contrast to the notable
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Fig. 6. Fxr determines specific cell functions of ileal epithelial cells but is not required for establishment of regional boundaries. (A) Differential expression of
genes related to bile metabolism and lysosomal functions in fxr™”~ cells as compared to fxr*’* cells in cluster 17. (B) qRT-PCR comparing expression of LRE markers in dis-
sected intestines of gender- and size-matched adult fxr™’* or fxr™”~ zebrafish. The results are represented as relative expression levels normalized to the housekeeping
gene efla (mean £ SEM). Statistical significance was calculated by unpaired t test. Representative data from two independent experiments are shown. (C) Confocal
single-plane image of the intestinal epithelium in 7-dpf live larvae expressing the Tg(-1.7fabp6:GFP) transgene (green) following gavage with Alexa Fluor 647 dextran
(magenta). White arrowheads mark GFP-expressing cells that uptake dextran. The schematic diagram depicting gavage approach for labeling lysosome-rich enterocytes
(LREs) in the larval zebrafish intestine using fluorescent luminal cargo is shown in the top panel. Image is representative of six larvae examined. (D) Confocal three-dimensional
projections of the intestinal epithelium of 7-dpf larvae expressing the Tg(-1.7fabp6:GFP) (green) and TgBAC(lamp2:RFP) (red) transgenes. White arrowheads mark cells
showing both GFP and RFP (red fluorescent protein) expression. Image is representative of five larvae examined. (E) Confocal single-plane image of the intestinal
epithelium in 7-dpf fxr*’* (top) and fxr”’~ (bottom) larvae expressing the Tg(-4.5fabp2:DsRed) (red) and Tg(-1.7fabp6:GFP) (green) transgenes following gavage with Alexa
Fluor 647 dextran (magenta). White arrowheads mark the ileocyte region, which persists in fxr”'~ larvae despite loss of GFP expression. Images are representative of five
fxr*’* and five fxr”~ larvae examined. Asteroids mark zebrafish lumen in (C) to (E). Scale bars, 25 um. (F) Uptake profiles along LRE region following gavage with Alexa
Fluor 647 dextran (1.25 mg/ml) in 7-dpf fxr*/~ (n = 14) and fxr™'~ (n = 22) larvae. (G) DsRed fluorescence along the intestine of 7-dpf fxr*’~ (n = 18) and

fxr'~ (n = 24) Tg(-4.5fabp2:DsRed) larvae.

changes in the gene expression of cluster 17 cells upon fxr mutation  and the spatial location of the ileal epithelium, including ileocytes
(Fig. 6A and fig. S6B), the relative abundance of this cluster re- and LREs, in fxr wt or mutant zebrafish larvae. The LRE region was
mained similar between fxr mutant and wt (fig. S6A), suggesting evaluated by gavaging dextran into fxr wt and mutant zebrafish fol-
that Fxr deficiency does not prevent the establishment of a zebrafish ~ lowed with in vivo imaging. No significant difference was observed
ileum. To validate this observation in vivo, we measured the length  in the length of the dextran-positive region or the intensity of the

Wen et al., Sci. Adv. 2021; 7 : eabg1371 23 July 2021 80of19



SCIENCE ADVANCES | RESEARCH ARTICLE

absorbed dextran after gavaging, suggesting that the abundance of
LREs remains unchanged in the absence of Fxr (Fig. 6, E and F).
This is further validated in adult zebrafish intestine, which exhibited
similar length of the LRE region in both genotypes (fig. S8D). To
assess ileocyte abundance and positioning, we gavaged dextran into
the double transgenic reporter Tg(-4.5fabp2:DsRed, -1.7fabp6:GFP)
in either fxr wt or mutant background (47). The proximal intestinal
region, labeled by DsRed, demarcates the anterior boundary of the
ileocytes, while the LRE region, labeled by dextran, demarcates the
posterior boundary. The anterior boundary remained intact in
the fxr mutant zebrafish, as the DsRed region did not expand or con-
tract (Fig. 6, E and G). We did observe a nearly complete loss of GFP
fluorescence in the fxr mutant animals, consistent with the findings
that fabp6 is under strong regulation by Fxr (Figs. 1A and 6E).
However, this nonfluorescent region, flanked by the anterior en-
terocytes and LREs in the fxr mutant, shares similar length and
spatial position as the GFP-positive region in the fxr wt larvae
(Fig. 6, E to G). These findings are in agreement with our scRNA-
seq data and confirm that Fxr affects the gene expression program
of the ileal epithelial cells without overtly affecting the number of
those cells or the segmental boundaries that organize that region of
the intestine. Together, our data suggest that Fxr is not required for
developmental organization of the ileal region; instead, it is in-
volved in distinct physiological aspects of the cell types in this region.

Fxr promotes differentiation of anterior

absorptive enterocytes

Because fxr is expressed along the length of the intestine in zebrafish
and mammals (Fig. 5B) (42), we next examined how Fxr contrib-
utes to the functions of absorptive enterocytes other than the ileal
epithelial cells. We focused on cluster 4, which represents mature
enterocytes in the anterior intestine based on their expression of
known jejunal markers such as fabp1b.1 and rbp2a, as well as genes
involved in lipid metabolism, a hallmark function of mammalian
jejunum (Fig. 5B, table S1, and datasets S2 and S3) (48). Our scRNA-seq
data suggested increased cell abundance of cluster 4 in response to
Fxr mutation (fig. S6A). To validate this in vivo, we performed
fluorescence-activated cell sorting (FACS) of anterior enterocytes
collected from double transgenic fxr wt or mutant fish harboring
the anterior enterocyte reporter Tg(-4.5fabp2:DsRed) and the pan-
IEC reporter TgBAC(cldn15la-GFP). Consistent with our scRNA-seq
data, we observed a significant increase in the relative abundance of
anterior enterocytes in the fxr mutant compared to wt (Fig. 7A),
confirming the role of Fxr in regulating the abundance of these cells
in zebrafish. Fxr mutation also led to altered expression of over
250 genes in cluster 4 cells (fig. S6B and dataset S4). Notably, majority
(~86%) of these differentially expressed genes were down-regulated.
Functional categorization analysis revealed that these down-regulated
genes in fxr mutant cells in cluster 4 were enriched for pathways
involved in energy metabolism of diverse substrates (fig. S9A).
This includes aspects of lipid metabolism such as lipid biosynthesis
[Gene Ontology (GO) term: sterol biosynthetic process], trafficking
(GO term: plasma lipoprotein particle assembly), and regulation
[dre: peroxisome proliferator-activated receptor (PPAR) signaling
pathway], amino acid metabolism (GO terms: peptide metabolic
process; cellular modified amino acid metabolic process; creatine
metabolism), and xenobiotic metabolism (GO terms: drug meta-
bolic process; response to xenobiotic stimulus). To confirm that Fxr
activity promotes expression of lipid metabolism genes in anterior
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enterocytes, we treated wt and fxr mutant larval zebrafish with the
Fxr agonist GW4046 and observed Fxr-dependent induction of
apoc2 (fig. S9B) which is expressed in cluster 4 (dataset S1). Because
these pathways represent key functions of differentiated anterior
enterocytes, we speculated that these gene expression differences in
fxr mutant cells in cluster 4 may be due to reduced differentiation of
these enterocytes. We therefore compared the zebrafish genes
differentially regulated in cluster 4 in fxr mutants against defined
sets of signature genes for intestinal stem cells (ISCs) and differentiated
enterocytes in the small intestinal epithelium of adult mice (Fig. 7B)
(49). This revealed an overlap of 102 one-to-one gene orthologs be-
tween the down-regulated genes of the fxr mutant cells in cluster
4 in this study and the genes preferentially expressed in either ISCs
or differentiated enterocytes in mice. Approximately two-thirds of
these genes (64 of 102) are preferentially expressed in differentiated
enterocytes, suggesting that Fxr inactivation in cluster 4 preferen-
tially reduces enterocyte differentiation programs. In support, we
observed that the most enriched TFBS within accessible chromatin
near the genes down-regulated in fxr mutant anterior enterocytes is
Hnf4o, a TF known to promote enterocyte differentiation (Fig. 7C)
(50). Collectively, these results reveal a novel role of Fxr in promot-
ing differentiation programs of anterior enterocytes.

DISCUSSION

The ability to synthesize bile salts and the bile salt-regulated TF Fxr
are common features of all vertebrate classes, yet our knowledge of
bile salt metabolism and bile salt-Fxr signaling is largely derived
from mammals. Here, we characterize the bile salt-Fxr signaling
axis in zebrafish by determining the bile salt composition and the
key genetic components of Fxr signaling pathways. Furthermore,
we elucidate the microbiota bile salt-Fxr relationships in zebrafish
and highlight the importance of these interactions as they have been
conserved over 420 million years since the last shared common
ancestor between mammals and fishes. Collectively, we establish
zebrafish as a valuable nonmammalian vertebrate model to study the
bile salt-Fxr signaling axis and host-microbe coevolution. Using
this model, we uncover novel functions of Fxr in modulating tran-
scriptional programs controlling regional metabolic activities in the
zebrafish intestine, including its role in repressing genes important
for LRE functions in the ileum and promoting genes involved in
enterocyte differentiation in the anterior intestine.

Our data show that zebrafish bile salts are composed predomi-
nantly of the evolutionarily “ancestral” C,; bile alcohol 50CS, with
only a small proportion of the evolutionarily recent C,4 bile acid
TCA that is commonly found in mammals (Fig. 2A). To our surprise,
zebrafish 50CS was not observed to undergo 7o-dehydroxylation, a
common microbial modification of bile acids in mammals (Fig. 3B and
fig. S4) (51). Furthermore, we did not observe 7a-dehydroxylation
of CA by the zebrafish or carp microbiota, although CA is a suitable
substrate for this modification in the mammalian gut environ-
ment (Figs. 2C and 3C). Although mammalian gut microbes have
evolved numerous sulfatases that recognize and hydrolyze bile acid
sulfates (52), we did not detect sulfatase activity toward 5aCS in
zebrafish microbiota (Fig. 3B). Oxidation and epimerization of bile
acids by microbial HSDH enzymes is well documented in mamma-
lian gut microbiota (32, 52) and is now confirmed to occur in
zebrafish (Fig. 3C). Deconjugation of TCA by bacterial BSHs was
also observed in the present study, a function widespread among
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Fig. 7. Fxr regulates differentiation and functions of anterior absorptive enterocytes in zebrafish. (A) FACS analysis comparing the relative abundance of anterior
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mammalian microbial taxa (Figs. 3C and 4A) (52), and important
for regulation of lipid and cholesterol metabolism in diverse verte-
brates (53). Together, these findings indicate that there may be
top-down selection pressure in zebrafish to prevent evolution or
acquisition of microbial enzymes that would recognize the side-
chain sulfate and/or the 7a-hydroxyl group, therefore limiting sec-
ondary bile alcohol/acid production. Future study on how these
primary and secondary bile salts contribute to digestive physiology
and host-microbe interactions in different animals will shed light
on understanding the evolutionary biology of vertebrate bile salts.
The binding pocket of FXR and the bile salt structures within a
given vertebrate species are thought to have a coevolutionary rela-
tionship (7, 18). For example, Cy; bile alcohol 50CS, the major bile
salt species in zebrafish, specifically binds and activates zebrafish
Fxr but not mammalian FXR (7). Here, we show that the C,4 bile
acid TCA, a minor zebrafish bile salt, along with its derivative CA,
can both stimulate zebrafish Fxr activity in vivo (Fig. 4, B and C).
This raises the possibility that the zebrafish Fxr structure is able to
bind both the ancestral bile alcohols and the derived bile acids,
thereby representing an evolutionary transitional state. In addition,
we find that key aspects of the Fxr signaling pathways remain con-
served between zebrafish and mammals including Fxr-mediated
induction of fabp6 and fgf19 (Fig. 1C). We further show that these
zebrafish Fxr-dependent genes, like their mammalian homologs,
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cells in cluster 4. The position weight matrices (PWM:s) of the enriched nucleotide sequences are shown. The TF family that most closely

are more potently induced by the microbially derived deconjugated
bile acid CA compared to its primary bile acid precursor TCA
(Fig. 4, B and C) (33). Beyond these similarities, our analysis of in-
testinal genes regulated by Fxr function in zebrafish and mice also
revealed substantial differences. An important example is the direc-
tionality of Fxr regulation of slcI0a2. Unlike in mammals where
FXR represses Slc10a2 (19), Fxr in zebrafish appears to induce
slc10a2, as both the fxr and cyp7al mutants displayed reduced
slc10a2 expression (Fig. 1C and fig. S2E). This suggests divergence
of regulation of slc10a2 by Fxr since the common ancestor of fish
and mammals. In fact, fxr-mediated regulation of Slc10a2 homologs
appears to differ considerably even within mammals (54). For exam-
ple, FXR negatively regulates intestinal Slc10a2 in mice but not in
rats (55, 56). Furthermore, although Slc10a2 is repressed by FXR in
both mice and humans, the underlying mechanisms are different
(57). Future structure-function analyses are warranted to dissect the
regulatory mechanisms responsible for such differential control of
slc10a2 as well as the physiological consequences. Unlike mice where
fxr mutation leads to increased inflammation (46), we did not ob-
serve significant changes in the inflammatory gene expression (fig. S7,
F and G, and dataset S4) in fxr mutant zebrafish larvae. In accord,
the bacterial load and the intestinal permeability were comparable
between the two genotypes (fig. S7, D and E). This raises the ques-
tion of functional diversification of Fxr signaling during the course
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of evolution and further highlights the critical need of using multiple
animal models to decode bile salt-Fxr-microbiome interactions.

The zebrafish IEC scRNA-seq dataset reported here provides a
useful new resource for zebrafish intestinal biology. The perspec-
tives afforded by this scRNA-seq dataset allowed us to evaluate dis-
tinct regulatory roles of Fxr across different intestinal cell types. For
example, we found that ileal epithelium (identified as cluster 17 in
this dataset) is composed of multiple cell subtypes including ileo-
cytes, LREs, and bifunctional cells expressing both bile transporter
genes and lysosomal degradation markers (Fig. 6 and fig. S8, A to
C). Close relationships between ileocytes and LREs have also been
defined in mammals, suggesting that they are ancient cellular fea-
tures of the vertebrate ileum. LREs develop in the mammalian ile-
um only during suckling stages before being replaced by ileocytes
after weaning (44, 58). Expression of genes involved in lysosomal
degradation declines during this transition, whereas the expression
of genes associated with bile salt absorption increases, suggesting an
inverse correlation between these two functions (44). Our results
provide potential mechanistic insight into the regulation of these
two functions by demonstrating that Fxr promotes the expression
of bile salt absorption genes and concomitantly reduces lysosomal
degradation genes in the zebrafish ileum (Fig. 6, A and B). In sup-
port, similar suppression of lysosomal genes by Fxr has been implicated
in mouse studies examining Fxr influence in hepatic autophagy. In
mice, Fxr trans-represses autophagy-related genes by competing for
binding sites with transcriptional activators of these genes, such as
CREB (cyclic adenosine monophosphate response element-binding
protein) (59, 60). The binding motif of CREB (“TGACGT”) identi-
fied in the mouse study was the second most enriched binding mo-
tif near genes repressed by Fxr in zebrafish ileal epithelial cells (fig.
S7C) (60), suggesting that Fxr may interact with a conserved tran-
scriptional pathway to repress lysosomal functions across these ver-
tebrate lineages. Other autophagy markers were expressed at similar
levels between fxr mutant and wt cells in cluster 17 or any other
clusters (dataset S4). Therefore, the increased expression of lyso-
somal genes in fxr mutant LRE:s is likely not due to increased auto-
phagy in these cells. In accord, previous bulk RNA-seq comparing
LREs to non-LRE enterocytes in zebrafish showed no enrichment of
autophagosome pathways in LREs (44).

Whereas our data establish roles for zebrafish Fxr on ileocyte
and LRE gene expression, we find that Fxr is not required for mor-
phology of the ileal region similar to the observations from Fxr
knockout mice (34). Loss of Fxr function did not overtly affect the
relative abundance of ileal epithelial cells (cluster 17) or the spatial
boundaries separating the typical ileocyte region from the adjacent
LRE and anterior enterocyte regions (Fig. 6, C to G). The abun-
dance of LREs also appears unaffected in fxr mutants, indicating
that the observed impacts on LRE gene expression represent altered
physiology in those cells (Fig. 6, A and F, and fig. S8D). The impacts
of fxr mutation on ileocyte fate are less clear. Ileocytes are stereotyp-
ically defined by their expression of bile salt transport genes, which
are markedly reduced in fxr mutants as expected (Fig. 6A). The
differentiation and physiology of the cells that develop in fxr mu-
tants within the typical ileocyte region remain unclear and were not
resolved by our scRNA-seq dataset due to the relatively small num-
ber of cells located in cluster 17 as well as their substantial heteroge-
neity (figs. S7A and S8). Our results do show that Fxr is involved in
tuning distinct transcriptional and physiologic programs of these
ileal epithelial cell types, while other transcriptional pathways likely
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determine ileal organization and differentiation. This is consistent
with the notion that multiple TFs regulate the same intestinal en-
terocytes but target distinct cellular processes (50).

In contrast to our grasp on Fxr regulation of ileal epithelial cell
functions, relatively little is known about the impacts of Fxr on other
intestinal cell types. Using scRNA-seq, we show that Fxr exhibits
different regulatory effects in anterior enterocytes compared to ileal
epithelial cells. Mutation of Fxr led to a significant increase in the
abundance of the anterior enterocyte population (Fig. 7A and fig.
S6A). This is consistent with the observations from intestinal tum-
origenesis studies, which show that FXR restricts abnormal stem
cell expansion, thereby balancing the epithelial proliferative and
apoptotic pathways (34, 61, 62). It is therefore possible that Fxr sim-
ilarly affects stem cell dynamics in the zebrafish intestinal epithelium;
however, such studies await the establishment of markers and tools
to study intestinal epithelial stem cells in the zebrafish. Along with
the abundance, we also found that the differentiation status of the
anterior enterocytes in zebrafish is regulated by Fxr (Fig. 7B). Simi-
lar roles of Fxr in promoting cell differentiation programs have
been reported in other cell types in mammals, including mesenchy-
mal stem cells, adipocytes, and osteoblasts (63-65). While the
mechanism underlying Fxr’s regulation of cell differentiation re-
mains unclear, we speculate that Fxr may coordinate with Hnf4o to
elicit such regulatory effects in zebrafish anterior enterocytes, as
Hnf4o binding motif was highly enriched near Fxr-dependent
genes (Fig. 7C). Fxr and Hnf4a can directly interact and coopera-
tively modulate gene transcription (66, 67), and Fxr positively regu-
lates Hnf4o protein levels in mouse liver (66). Therefore, it is
possible that Fxr increases Hnf4a protein expression or activity to
promote enterocyte differentiation in the zebrafish intestine. None-
theless, our findings reveal novel roles of Fxr in modulating the
abundance and differentiation of zebrafish anterior enterocytes.

The molecular and physiologic mechanisms by which Fxr medi-
ates these effects on distinct IEC types warrant further investigation.
Fxr function affects hundreds of genes in the zebrafish (this study)
and mouse intestine (38), but it remains unclear how many of those
are due to primary autonomous roles for Fxr interacting with those
gene loci as opposed to secondary systemic effects caused by Fxr
mutation. For example, Fxr mutation in the intestine can disrupt
endocrine hormone Fgf19 signaling and bile salt homeostasis, there-
fore producing systemic impacts on energy metabolism, tissue
regeneration, and control of inflammation (68). Furthermore, Fxr
also has autonomous roles in other organ systems (69), which may
be impaired in the whole-animal fxr mutant zebrafish that we used
here. The resulting extraintestinal and systemic changes may, in
turn, feedback to the intestine to elicit secondary effects on intesti-
nal gene expression and physiology. Consequently, the phenotypes
reported here may be caused directly by Fxr deficiency in the intes-
tine, indirectly by Fxr deficiency in extraintestinal tissues, or a com-
bination. Tissue-specific and conditional mutant alleles could help
distinguish between these different possibilities in the future.

MATERIALS AND METHODS

Zebrafish lines and husbandry

All zebrafish experiments were performed following protocols
approved by the Duke University Medical Center Institutional
Animal Care and Use Committee (protocol numbers A115-16-05
and A096-19-04). Zebrafish stocks were maintained on Ekkwill (EK),
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Tuebingen long fin (TL), or a mixed EK/TL background on a
14-hour/10-hour light/dark cycle at 28.5°C in a recirculating sys-
tem. Maintenance of conventionally raised zebrafish was performed
as described (70). Generation, colonization, maintenance, and ste-
rility test of GF zebrafish larvae were conducted as detailed in our
earlier work with the exception that an additional gentamicin
(50 ug/ml) (Sigma- Aldrich, G1264) was supplemented in the antibiotic-
containing gnotobiotic zebrafish medium (71). Genotyping of larval
and adult zebrafish was performed with the corresponding primers
(table S2) using standard procedures (70). The following engineered
zebrafish lines were used in this study: fxr™¥/" 8! (generated in
this study), fxr™“4%7482 (generated in this study), cyp7a1™¥/ 833
(generated in this study), cyp7al ™48 (generated in this study),
Tg( —1.7fa%a6:EGFP—pA—cryaa:mCherry) (generated in this study),
slc10a2°***% (28), Tg(-4.5fabp2:DsRed) (47), TgBAC(cldn15la-GFP)
(35), TgBAC(lamp2:RFP) (72), Tg(-0.258fabp6-cfos:GFP) (16),
TgBAC(tnfa:GFP) (73), and Tg(NFkB:EGFP) (47).

Construction of mutant zebrafish lines

Mutant zebrafish lines were generated using CRISPR-Cas9 as
described previously (44). Briefly, the guide RNAs (gRNAs) were
designed using the “CRISPRscan” tool (www.crisprscan.org/) and
synthesized using oligo-based in vitro transcription method (table
S2). At the one-cell stage, wt zebrafish embryos (TL or EK strain)
were injected with 1 to 2 nl of a cocktail consisting of Cas9 mRNA
(150 ng/ul), gRNA (120 ng/ul), 0.05% phenol red, 120 mM KCl, and
20 mM Hepes (pH 7.0). Injected embryos were screened for muta-
genesis with the corresponding primers (table S2) using MeltDoctor
High-Resolution Melting Assay (Thermo Fisher Scientific, 4409535)
following the manufacturer’s specifications. The mutations were
further determined through Sanger sequencing of the region en-
compassing the gRNA targeting sites. The fxr mutants were gener-
ated through targeted deletion at the exon 4 encoding the DNA
binding domain of Fxr. We identified two independent deletion
alleles, fxr ' ~'% and fxr'¥~!! (allele designations rdu81 and rdu82,
respectively), that each resulted in frameshift mutations and dis-
played significantly reduced fxr mRNA (fig. S1, A and B). Likewise,
the cyp7al mutants, cyp7al””"~" and cyp7al™*'® (allele designa-
tions rdu83 and rdu84, respectively), were generated by targeting
the exon 2 encoding the cytochrome P450 domain and were vali-
dated via phenotypic assessment and/or ERT-PCR (fig. S2, Bto E).
Only thefxr’w/*w (rdu81) and cyp7a1’16 16 (rdu84) mutants were
used in this study.

Construction of transgenic zebrafish line

The 1.7-kb promoter fragment of the fabp6 gene was PCR-amplified
from the genomic DNA of wt Tiibingen zebrafish and cloned into
p5E-Fse-Asc plasmid (table S2). The resulting clone (p5E-1.7fabp6),
along with the pME-EGFP and p3E-polyA plasmids, was further re-
combined into pDestTol2pACrymCherry through multisite Gateway
recombination to generate pDestTol2-1.7fabp6:EGFPpACrymCherry
(74, 75). This recombinant plasmid carries two linked fluorescent
marker genes, a GFP and a mCherry. The expression of GFP is driven
by the 1.7-kb fabp6 promoter fragment and reflects the expression
of fabp6, whereas the expression of mCherry is driven by the lens
marker cryaa and serves as a constitutive transgene marker. At the one-
cell stage, wt zebrafish embryos (EK strain) were injected with 1 to 2 nl
of a cocktail containing pDestTol2-1.7fabp6:EGFPpACrymCherry
(50 ng/pl), transposase mRNA (25 ng/pl), 0.3% phenol red, and 1x
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Tango buffer (Thermo Fisher Scientific, BY5). Two mosaic germ-
line founders were identified, raised to adulthood, and screened to
isolate lines with the transgene inserted at a single locus. Stable
Tg(-1.7fabp6:EGFP-pA-cryaa:mCherry) (allele designations rdu80)
lines were generated by outcrossing the founder to wt EK for at least
three generations [abbreviated as Tg(-1.7fabp6:GFP) in the rest of
the article]. This Tg(-1.7fabp6:GFP) reporter line displayed a pat-
tern of GFP expression in the ileocyte region and the LRE region
similar to our previous transgenic line Tg(-0.258fabp6 -cfos:GFP)
(16), which expresses GFP under control of a smaller 258-bp fabp6
promoter region and a mouse Cfos minimal promoter. Compared
to that line, the new Tg(-1.7fabp6:GFP) line using the larger 1.7-kb
fabp6 promoter region expresses GFP more distally into the LRE
region and also in rare cells within the anterior regions of the intes-
tine. In situ hybridization of fabp6 shows that its expression appears
to be highest in the ileocyte region with lower expression in the LRE
region (76), suggesting that the larger 1.7-kb fabp6 promoter is suf-
ficient to recapitulate the endogenous pattern of fabp6 expression.

Quantitative RT-PCR analysis

RNA isolation, deoxyribonuclease treatment, RT, and quantitative
PCR were performed as described previously (70). Data were
analyzed with the AAC; method. For whole larvae samples, 6- to
7-dpf larvae were collected for RNA isolation (15 to 30 larvae per
replicate; four to eight replicates per condition). For larval digestive
tissue samples, 6- to 7-dpf larval zebrafish digestive tracts were
dissected under a stereomicroscope and pooled for RNA isolation
(25 to 35 guts per replicate; four to six replicates per condition). For
adult digestive tissue samples, 3- to 12-month-old gender- and size-
matched adult zebrafish livers or guts were used for RNA isolation
(one gut or liver per replicate; five to eight replicates per condition).

In vivo imaging and densitometry

To quantify fluorescence in transgenic reporter lines, live zebrafish
larvae were anesthetized, embedded in 3% methylcellulose [w/v in
gnotobiotic zebrafish media (GZM)], and imaged using a Leica
M205 FA stereomicroscope with identical exposure time and mag-
nification in the same experiment. GFP densitometry analysis was
performed using Fiji software. For each experiment, the areas of
interest were selected using the shape tools, recorded using the ROI
Manager, and applied to all images. The background was calculated
as the average fluorescence from three to five nontransgenic sib-
lings of the transgenic zebrafish lines from the same experiment and
was subtracted from all images using the threshold tools. The mean
fluorescence intensity values of each image were determined and
plotted using GraphPad Prism software.

Bile salt collection in zebrafish

Twenty 6- to 9-month-old wt adult zebrafish from four different
stocks were starved for 48 hours to eliminate the potential contribu-
tion of exogenous bile salt from the zebrafish diet on zebrafish de
novo bile salts. The gallbladders were dissected under a stereoscope
using autoclaved forceps and immediately placed in 1 ml of pre-
chilled isopropanol. The suspension was vortexed and centrifuged
(13,000 rpm for 10 min), and the supernatant was evaporated under
a stream of nitrogen at room temperature. The residues were resus-
pended in 1 ml of 100% methanol. For thin-layer chromatography
(TLC), 20 ul of the methanol extract was spotted onto a silica TLC
plate. The butanol:acetic acid:water (BAW; 85:10:15) mobile phase
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system was used to separate the bile components. In addition, a di-
luted (1:100) sample was subjected to LC-MS analysis. For bile
salt analysis of zebrafish intestinal contents, wt adult zebrafish from
three randomly selected tanks were used. The intestines from these
zebrafish were pooled in groups (10 guts per group, one group per
tank) and subjected to the same procedures as gallbladders above
and diluted (1:100) for LC-MS. Adult zebrafish diet composed of a
1:1 mixture of Skretting GEMMA Micro 500 and Wean 0.5 (Bio-Oregon,
B1473 and B2818) was used as a background control.

Flash column chromatography of crude carp bile

Asian grass carp gallbladders (n = 3) were collected from a local
supermarket in Champaign, IL. Bile was collected from each gall-
bladder and pooled for extraction (45 ml). Crude bile was extracted
using 9x isopropanol, and the isopropanol-soluble portion was col-
lected for analysis. The isopropanol layer was concentrated to ap-
proximately 20 ml under nitrogen. Diluted (1:100) crude bile samples
were used for TLC analysis with the BAW mobile phase. Purifica-
tion of carp bile acids and alcohols was performed using flash column
chromatography as described previously (27). The flash column
(80 cm by 2 cm; 100 ml) was packed two-thirds full with 40 pM silica
gel. It was assembled using chloroform:methanol (80:20; v/v) mo-
bile phase. The concentrated isopropanol-bile mixture was placed
on top of the packed silica for purification. The eluates of crude bile
were collected in 50-ml fractions using a gradient of chloroform:-
methanol (80:20; 500 ml, 75:25; 500 ml, 70:30; 1000 ml, 65:35;
500 ml). The fractions were evaporated under nitrogen and resus-
pended in 100% methanol. A dilute sample of each fraction was
spotted (30 pl) and examined on a TLC plate using BAW mobile
phase. Select fractions were chosen for LC-MS analysis.

TLC visualization and extraction of bile compounds from TLC
Zebrafish and carp bile in methanol were examined using silica gel
TLC plate (JT Baker, JT4449-4). Two mobile phases were used to
separate bile alcohols and bile acids. BAW mobile phase consisted
of butanol:acetic acid:water (85:10:15) mobile phase. Solvent 25 mo-
bile phase used was n-propanol:isoamyl acetate:acetic acid:water
(4:3:2:1). Plates were sprayed with 10% phosphomolybdic acid (w/v)
in ethanol, and plates were baked at 100°C for 10 min. To extract
bile compounds from the TLC plate, silica from replicate plates was
extracted twice with 3 ml of butanol and 3 ml of water. The butanol
layer was removed after each extraction, combined, and evaporated
under nitrogen gas.

Extraction of carp intestinal contents

Whole intestines were removed from Asian carp and collected in 50-ml
conical tubes. The contents were placed in a —80°C freezer overnight
and lyophilized to remove all liquid. For LC-MS analysis, dry intestinal
contents (0.14 g) were resuspended in 1 ml of 90% ethanol and sonicated
for 30 min to completely dissolve soluble compounds. Furthermore,
the intestinal content was centrifuged (10,000 rpm for 15 min) and
the supernatant was filtered (0.45 um) to remove additional precip-
itates. Diluted samples (1:100) of the filtered supernatant were spot-
ted (30 ul) onto a TLC using BAW mobile phase and also injected
onto LC-MS in untargeted full-scan mode to analyze metabolites.

NMR analysis of purified zebrafish bile alcohol
Pure flash column chromatography fractions and TLC spots match-
ing the Rf (retention factor) value for 50CS were validated using MS
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in negative ion mode. One milligram of pure bile alcohol in metha-
nol was used on a Waters SynaptG2-Si ESI MS. The MS data were
analyzed using Waters MassLynx 4.1 software. In addition, a 4-mg
sample of the evaporated bile alcohol was resuspended in 750 pl of
deuterated methanol and analyzed by nuclear magnetic resonance
spectroscopy using an Agilent 600 MHz with a 14.1-T 54-mm bore
Agilent PremiumCOMPACT Shield Superconducting Magnet. Data
were visualized at University of Illinois using MNova.

Liquid chromatography-mass spectrometry

LC-MS for all samples was performed using a Waters AQUITY
UPLC coupled with a Waters Synapt G2-Si ESI MS. Chromatogra-
phy was performed using a Waters Cortecs UPLC C18 column (1.6-um
particle size) (2.5 mm by 50 mm) with a column temperature of
40°C. Samples were injected at 1 pl. Solvent A consisted of 95% wa-
ter, 5% acetonitrile, and 0.1% formic acid. Solvent B consisted of
95% acetonitrile, 5% water, and 0.1% formic acid. The initial mobile
phase was 90% solvent A and 10% solvent B and increased linearly
until the gradient reached 50% solvent A and 50% solvent B at
7.5 min. Solvent B was increased linearly again until it was briefly
100% at 8.0 min until returning to the initial mobile phase (90%
solvent A, 10% solvent B) over the next 2 min. The total run was
10 min with a flow rate of 10 ul/min. MS was performed in negative
ion mode. Nebulizer gas pressure was maintained at 400°C, and gas
flow was 800 liters/hour. The capillary voltage was set at 2000 V in
negative mode. MassLynx was used to analyze chromatographs and
MS data. The limit of detection was defined as a 3:1 signal-to-noise
ratio using the LC peak data. The limit of quantification was defined
as a 10:1 signal-to-noise ratio using the LC peak data. A mixture
containing 10 pM of the following bile standards was injected onto
LC-MS for analysis: D4-glycocholic acid (D4-GCA) (internal stan-
dard), TCA, 50.CS, and allocholic acid (ACA). The LC-MS method
was validated once a single peak for each compound was identified
with the respective m/z value in negative mode.

Bacterial enrichment for in vitro bile salt metabolism assay
To prepare complex zebrafish microbiota for the in vitro bile me-
tabolism assay, we randomly selected four different wt tanks from
our conventional zebrafish aquaculture system and dissected guts
from adult fish in each tank (15 to 20 fish per tank). All adult fish
were dissected between 11:00 a.m. and 1:30 p.m. with sterilized dis-
section tools. Fish guts were pooled in groups (six guts per group,
one group per tank), and each group was homogenized in 500 pul of
filter-sterilized phosphate-buffered saline (PBS) containing 1 mM
dithiothreitol. Results from each group #1 to #4 are reported sepa-
rately. For each group, the intestinal homogenate was split into both
aerobic and anaerobic vials containing modified tryptic soy broth
(TSB) (1:10 dilution). Aerobic cultures were incubated with 200 rpm
shaking, while anaerobic cultures were incubated statically. Both
aerobic and anaerobic cultures were incubated at 30°C for 24 hours
before testing for bile salt metabolism activity. To prepare individual
microbial strains, Pseudomonas sp. ZWU0006, Acinetobacter sp.
ZOR0008, Shewanella sp. ZOR0012, Exiguobacterium acetylicum
ZWU0009, and Chryseobacterium sp. ZOR0023 were grown at 30°C
for 24 hours before testing for bile salt metabolism activity.

In vitro bile salt modification assay
Modified TSB at pH 7.0 was prepared aerobically and anaerobically
for experimental use with the composition as follows: vegetable
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peptone (17.0 g/liter), soy peptone (3.0 g/liter), glucose (2.5 g/liter),
sodium chloride (0.5 g/liter), dipotassium phosphate (2.5 g/liter),
and cysteine (1.0 g/liter). The substrate testing medium was gener-
ated by supplemented freshly made modified TSB medium with
50 uM methanol vehicle, 50CS, TCA, ACA, or combinations of
these bile salts of interest. The enriched complex zebrafish microbi-
ota or individual zebrafish gut microbe of interest was subcultured
(1:10 dilution) into different substrate testing media, respectively.
The subcultures were grown at 30°C for 48 hours before being sub-
jected to solid-phase extraction to detect metabolism of the bile salt
substrates. Two microbes with known bile salt conversion activities
were selected as reference controls for bile acid and bile alcohol
conversion: Lactobacillus salivarius JCM1046 for the BSH activity
(77) and Clostridium scindens ATCC (American Type Culture Col-
lection) 35704 for 7a-dehydroxylation activity (78). In vitro bile salt
modification assay with bacterial reference controls was performed
similarly except that they were cultured at 37°C for 48 hours and that
1% Tween 80 was supplemented to media for growth enrichment of
L. salivarius (79). Each modification assay was performed twice.

Solid-phase extraction of bacterial culture

Culture medium (1 ml) containing 50 uM bile salt substrate was
used for further solid-phase extraction (SPE). Once grown, the
culture was centrifuged (10,000 rpm for 5 min) to remove bacterial
cells and conditioned medium was removed. A 10 uM spike of D4-
GCA internal standard was added to each sample before SPE. Wa-
ters tC18 vacuum cartridges (3 ml of reservoir, 500 mg of sorbent)
were used for SPE. The method was adapted from Abdel-Khalik
et al. (80). Cartridges were preconditioned with 100% hexanes
(6 ml), 100% acetone (3 ml), 100% methanol (6 ml), and water ad-
justed to pH 3.0 (6 ml). Conditioned medium was adjusted to pH
3.0, applied to the cartridge, and pulled through dropwise using a
vacuum chamber. The cartridge was washed with water adjusted to
pH 3.0 (6 ml) and allowed to air-dry for 30 min before being washed
with 3 ml of 40% methanol. The 40% methanol fraction was tested
on TLC to ensure that no substrates were being washed off of the
column. Products were eluted using 3 ml of 100% methanol. Final
eluates were evaporated under a stream of nitrogen and resuspend-
ed in 200 ul of 100% methanol for analysis on TLC (using solvent
25) or LC-MS.

Serial bile salt exposure and pharmacological manipulations
For serial bile salt exposure in conventionally raised larvae, embry-
os were collected from natural mating between cyp7al™ "¢ and
cyp7al*' ™% Tg(-1.7fabp6:GFP) and incubated in GZM at 28.5°C. At
3 dpf, larvae were randomly assigned into untreated group or groups
treated with either 1 mM TCA or CA in GZM in six-well plates. The
density of larvae in each well is maintained as 10 larvae in 10 ml of
media, and the media in each well were changed daily (80% v/v)
with fresh GZM or GZM supplemented with either 1 mM TCA or
CA. At 7 dpf, larvae were sorted for mCherry under a fluorescence
microscope, after which positive larvae were subjected to in vivo
imaging and genotyping. Serial bile salt exposure in GF larvae was
performed similarly except that GF larvae were maintained in T25
tissue flasks and that sterile TCA or CA was used for treatment. For
pharmacological manipulations, (Z)-guggulsterone (Sigma-Aldrich,
G5168) and GW4064 (Selleck Chemicals, S2782) were prepared in
dimethyl sulfoxide (DMSO), aliquoted, and stored at —20°C. For
guggulsterone treatment, Tg(-1.7fabp6:GFP) larvae were exposed to
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2 uM guggulsterone in GZM daily from 3 to 5 dpf and were
subjected to in vivo imaging at 6 dpf. For GW4064 treatment,
Tg(-1.7fabp6:GFP) larvae were exposed to 1 uM GW4064 in GZM
at 5 dpf for 16 hours and were imaged at 6 dpf. Matching DMSO-
treated sibling larvae were used as vehicle control for each experiment.

Total bile salt quantification of zebrafish larvae

Zebrafish larvae (6 dpf) were euthanized and then rinsed with GZM
for three times to remove carryover of food or debris (20 to 50 larvae
per replicate; four to six replicates per condition). The pooled larvae
were then placed in 1 ml of 1:1 chloroform:methanol and sonicated
for 3 min with 2/1 ON/OFF cycle and 70% amplitude using a
QSONICA Q700-MPX-110 cup horn sonicator. The homogenate
of each replicate was spun at room temperature at 20,000g for
30 min. The supernatant was collected, air-dried in a fume hood
overnight, and subjected to bile salt quantification using either the bile
acid detection kit (Diazyme, DZ042A) as described (13) or LC-MS.

Gavage and intestinal barrier function assay

To label LREs in larval zebrafish, 6-dpf larvae were gavaged with
4 nl of Alexa Fluor 647 dextran (1.25 mg/ml) in PBS as described
previously (44). After gavage, zebrafish were recovered in GZM for
4 hours before being subjected to in vivo imaging. To label LREs in
adult zebrafish, size-matched fxr*’* and fxr™~ adult siblings were
fasted for 48 hours to clear luminal contents, gavaged with 50 pl of
Alexa Fluor 488 dextran (1.25 mg/ml), and recovered in system wa-
ter for 6 hours. Afterward, the zebrafish were euthanized and their
intestines were dissected. The intestines were then fillet open, rinsed
in PBS extensively to eliminate residual dextran, and imaged with a
Leica M205 FA stereomicroscope. Intestinal permeability was as-
sayed as described with some modifications (44). Briefly, 5- to 6-dpf
fxr*’* and fxr”" larvae were gavaged with 4 nl of Alexa Fluor 568
dextran (1.25 mg/ml), recovered in GZM for 30 min, and re-gavaged
with 8 nl of PBS to flush out the luminal dextran. The fluorescence
is measured in the trunk for each zebrafish as a proxy for intestinal
barrier leakage. As a positive control, 20 mM EDTA is gavaged
along with dextran into wt larvae to disrupt epithelial tight junctions.

Fluorescence-activated cell sorting

Approximately 600 to 700 of 6-dpf T¢gBAC(cldn15la-GFP) zebrafish
larvae of the fxr*'* and fxr™'~ genotypes were collected for the FACS
experiment, respectively. The parental zebrafish used to generate the
wt or mutant embryos were stock-matched siblings from heterozy-
gous incrosses. Dissociation of the larvae was performed as previously
described (70), after which the fxr” *; TgBAC(cldn15la-GFP) and fxr_/ 5
TgBAC(cldn15la-GFP) cells were immediately subjected to FACS at
the Duke Cancer Institute Flow Cytometry Shared Resource and were
sorted side by side with two identical Beckman Coulter Astrios instru-
ments. Nontransgenic and single transgenic controls (pools of 50 fish
per genotype) were prepared as above and used for gating and com-
pensation. Approximately 120,000 GFP-positive 7-aminoactinomycin D-
negative cells per genotype were collected in 1.5 ml of Dulbecco’s
modified Eagle medium/nutrient mixture F-12 supplemented with 10%
heat-inactivated fetal bovine serum and 10 uM Y-27632 ROCK1 inhibi-
tor and were immediately subjected to the downstream experiments.

Single-cell RNA sequencing
Each scRNA-seq library was generated from 10,000 FACS-sorted
TgBAC(cldn15la-GFP) IECs of the indicated genotype following the
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10x Genomics Single Cell 3" protocol by the Duke Molecular
Genomics Core. The sequencing ready libraries were cleaned with
both Silane Dynabeads and solid phase reversible immobilization
(SPRI) beads, and quality-controlled for size distribution and yield
with the Agilent D5000 ScreenTape assays using the Agilent 4200
TapeStation system. Illumina P5 and P7 sequences, a sample index,
and TruSeq Read 2 primer sequence were ligated for Illumina bridge
amplification. Sequence was generated using paired-end sequencing
on the NovaSeq SP flow cell sequencing platform at a minimum of
40,000 reads per cell.

Cell barcodes and unique molecular identifier (UMI) barcodes
were demultiplexed, and reads were aligned to the reference ge-
nome, danRerl1, following the CellRanger pipeline recommended
by 10x Genomics. For quality control, we first performed UMI
filtering by only including UMIs with <3000 detected genes. Next,
we removed low-quality cells, which we define as cells that con-
tain >25% transcript counts derived from mitochondrial genes. Fur-
thermore, we removed the putative doublets by excluding cells that
contain more than 30,000 UMIs. Through these steps, a total of
2625 low-quality or potential doublet cells were removed, after
which 9918 cells passed the requirement, including 4710 cells from
fxr wt and 5208 cells from fxr mutant samples. The genotype of fxr
wt and mutant samples was confirmed by visualization of reads
spanning the —10/-10 lesion (fig. S5A).

Clustering and statistical analysis of the scRNA-seq data were per-
formed using the R package Seurat (version 3.1). Count matrices
from both the fxr wt and mutant libraries were log-normalized,
and highly variable genes were found in each library using the
FindVariableFeatures() function. Afterward, these data were integrated
together using the wt library as the reference dataset through the
FindIntegrationAnchors (dims = 1:35) and IntegrateData (dims = 1:35)
functions. The integrated expression matrix was then renormalized
using the NormalizeData() function for visualization purposes. To
mitigate the effects of unwanted sources of cell-to-cell variation
in the integrated dataset, we used the ScaleData() function before
running a principal components analysis. Jackstraw analysis revealed
that the first 54 principal components significantly accounted
for the variation in our data and were thus used as input to the
FindClusters() function with the resolution parameter set to 0.82. Using
the shared nearest neighbor algorithm within the FindNeighbors()
function, cells were grouped into 27 distinct clusters and were visu-
alized by uniform manifold approximation and projection (UMAP),
which reduces the information captured in the selected significant
principal components to two dimensions. The UMAP visualization
was generated using the RunUMAP() function with the “n_neighbors”
parameter set to 30.

To resolve putative distinct functional cell types in cluster 17 cells
in fxr wt zebrafish, we performed subclustering of the cluster 17 using
a similar strategy as described above with the exception that we
used eight principal components following JackStraw analysis and a
resolution of 0.5 in the FindClusters() function. This resulted in two
subclusters: 17_0 and 17_1 (fig. S8A).

To identify marker genes of fxr wt cells in each cluster, we used
two methods with different stringency standards. First, we used the
FindAllMarkers() function using a Wilcoxon rank sum test to
determine genes that are significantly up-regulated in each cluster
compared to all other clusters combined as one group. These genes
were further filtered based on an adjusted P value below 0.05 and an
average log. fold change value over 0.25, resulting in a set of marker
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genes that we designated as “cluster markers” (dataset S2). Second,
we performed pairwise comparisons between the cluster of interest
and each and every other clusters using FindMarkers() function
and only selected genes that showed higher expression, defined as
an average log. fold change value over 0.25, in the cluster of interest in
all comparisons. This pairwise comparison-based filtering step resulted
in a set of more stringent marker genes, designated as “cluster-
enriched markers,” that represented the most highly expressed genes
in the cluster of interest (dataset S3). The expression and the distri-
bution of relevant cluster markers or any gene of interest were visu-
alized using FeaturePlot(), DotPlot(), and VInPlot() functions.

To identify genes that were differentially expressed between the
fxr wt and mutant cells in each cluster, we used the FindMarkers()
function using a Wilcoxon rank sum test. Differentially expressed
genes were arbitrarily defined as those that showed an average log.
fold change value over 0.25.

TF binding motif enrichment analysis

We used FAIRE-Seq data from adult zebrafish intestinal epithelium
(16) to identify accessible chromatin regions at genes that are dif-
ferentially regulated in either cluster 17 or cluster 4. Using GALAXY,
each FAIRE-Seq peak was associated with the nearest gene, includ-
ing its surrounding regulatory regions (including 10 kb from the
gene transcription start site, the gene body, and 10 kb from tran-
scription termination sequence). We generated a BED file contain-
ing this information for every gene that could be filtered based on
gene symbol identifier later based on whether a particular gene was
differentially expressed in cluster 17 or 4. To identify enriched TFBS,
we used “findMotifsGenome.pl” function of the HOMER software
(http://homer.ucsd.edu/homer/) with foreground and background
set of genomic coordinates. Specifically, genes that were differen-
tially expressed between fxr wt and mutant cells in the cluster of
interest were used as the foreground, and the ones that were not
differentially expressed in the cluster of interest but exhibited ex-
pression in at least one of the IEC clusters were used as background.

Statistical methods

For the scRNA-seq experiment, statistical analyses for determination
of the cluster markers, cluster-enriched markers, and differentially ex-
pressed genes of each clusters were calculated using the FindMarkers()
function of the Seurat package in R with a Wilcoxon rank sum test.
For all other experiments, statistical analysis was performed using
unpaired t test, or one-way or two-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons test with GraphPad Prism. P < 0.05
was defined as statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/30/eabg1371/DC1

View/request a protocol for this paper from Bio-protocol.
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