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High fat intake sustains sorbitol intolerance after
antibiotic-mediated Clostridia depletion from the gut
microbiota
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reducing Clostridia abundance, which
could be treated with abundant sorbitol-
consuming probiotics.
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SUMMARY

Carbohydrate intolerance, commonly linked to the consumption of lactose, fructose, or sorbitol, affects up to
30% of the population in high-income countries. Although sorbitol intolerance is attributed to malabsorption,
the underlying mechanism remains unresolved. Here, we show that a history of antibiotic exposure combined
with high fat intake triggered long-lasting sorbitol intolerance in mice by reducing Clostridia abundance,
which impaired microbial sorbitol catabolism. The restoration of sorbitol catabolism by inoculation with pro-
biotic Escherichia coli protected mice against sorbitol intolerance but did not restore Clostridia abundance.
Inoculation with the butyrate producer Anaerostipes caccae restored a normal Clostridia abundance, which
protected mice against sorbitol-induced diarrhea even when the probiotic was cleared. Butyrate restored
Clostridia abundance by stimulating epithelial peroxisome proliferator-activated receptor-gamma (PPAR-v)
signaling to restore epithelial hypoxia in the colon. Collectively, these mechanistic insights identify microbial
sorbitol catabolism as a potential target for approaches for the diagnosis, treatment, and prevention of

sorbitol intolerance.

INTRODUCTION

Sorbitol is a naturally occurring polyol that is poorly absorbed by
the small intestine, resulting in a low caloric content. Therefore,
sorbitol is used as low-calorie sweetener in “sugar-free” foods,
such as sugar-free chewing gum, candy, mints, jam, diet drinks,
and chocolate.’ The estimated daily sorbitol intake in the UK av-
erages 3.5 g, which comes mostly from its use as sweetener,
but sorbitol is also naturally present at low concentrations in
some fruits of the Rosaceae family, such as apples, pears, and
apricots.® Excessive consumption of polyols can trap fluid in
the colonic lumen to trigger osmotic diarrhea.” For example,
ingestion of 20 g sorbitol can induce symptoms of carbohydrate
intolerance in healthy volunteers, including diarrhea, abdominal
distention, and flatulence, but most volunteers ingesting 5 g
sorbitol do not develop such symptoms.® Susceptibility to pol-
yol-induced diarrhea varies among individuals, resulting in
heightened intolerance in patients with irritable bowel syndrome
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(IBS)®” or quiescent inflammatory bowel disease (IBD).%° For
example, ingesting 5 g of sorbitol can intensify gastrointestinal
symptoms in individuals with IBS,'® whereas consuming 3 g
of sorbitol can exacerbate gastrointestinal symptoms in IBD
patients."’

Antibiotic treatment can transiently heighten polyol intoler-
ance by disrupting the gut microbiota, which can impair meta-
bolic functions that remove osmotically active solutes.’”'® In a
mouse model of antibiotic-induced sorbitol intolerance, the
addition of 5% sorbitol to the drinking water increases fecal
water content during treatment with ampicillin or streptomycin
(Str), but not in the absence of antibiotic treatment.’* However,
antibiotic-induced changes in the microbiota composition are
short lived, as the gut microbiota regains its normal composition
within 5 days after withdrawing Str.">'” Since polyol intolerance
resolves as the microbiota recovers after antibiotic treatment, '®
a transient disruption of the microbiota by antibiotics does not
explain the prolonged carbohydrate intolerance in patients with
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IBS or quiescent IBD.®° Treatment of prolonged polyol intoler-
ance therefore relies on dietary interventions that reduce the
intake of polyols and other poorly absorbed mono-, di-, and
oligosaccharides.'®

A recent history of antibiotic usage (between 4 and 56 weeks
prior to enrolliment) in combination with high fat intake is an envi-
ronmental risk factor in adult patients for developing diarrhea,
abdominal distention, and flatulence.?® These individuals can
be differentiated from IBS patients by their elevated fecal calpro-
tectin levels (between 50 and 200 pg/g feces), which is a marker
of intestinal inflammation. However, intestinal inflammation in
these individuals does not rise to the level of IBD, which is char-
acterized by fecal calprotectin levels exceeding 250 nug/g feces
during active disease.?' Patients with low grade mucosal inflam-
mation that is associated with a history of antibiotics and high fat
intake thus represents a syndrome located at the intersection of
the clinical spectra of IBS and IBD.??~>* Elevated fecal calprotec-
tin levels and diarrhea observed in these patients can be recapit-
ulated in mice exposed to high fat intake in combination with a
history of Str treatment.?® When antibiotics are combined with
maintaining mice on a high-fat (HF) diet, microbiota recovery is
impaired even 4 weeks after Str treatment, as indicated by
increased Enterobacterales (ord. nov.,?° phylum Proteobacteria)
and reduced Clostridia (phylum Firmicutes) abundance. These
changes in the microbiota composition match those in the feces
of patients with a history of antibiotics and high fat intake,”° and
in IBD patients.®~?® As mice with a history of antibiotic treatment
and high fat intake recapitulate signs of disease seen in patients
with diarrhea, abdominal distention, and flatulence, we wanted
to investigate whether exposure to these environmental risk fac-
tors creates a mouse model for prolonged sorbitol intolerance
that can be used to explore approaches for diagnosis, treatment,
and prevention.

RESULTS

Str induces sorbitol intolerance that resolves within

5 days after treatment

First, we wanted to investigate how quickly sorbitol intolerance
resolves after cessation of antibiotic treatment. Mice (C57BL/
6J) fed a low-fat (LF) diet (10% fat) were mock-treated or treated
with a single dose of Str. Subsequently, mice received drinking
water without supplementation or drinking water supplemented
with 5% sorbitol for 2 days to assess sorbitol tolerance. When
supplementation of drinking water with 5% sorbitol was started
1 day after Str treatment, it resulted in increased fecal water con-
tent in Str-treated mice, but not in mock-treated control animals
(Figure S1A). Furthermore, antibiotic treatment exacerbated
weight loss during sorbitol supplementation, and a humane
endpoint (20% weight loss) was reached for some animals
by the second day of sorbitol supplementation (Figure S1B).
However, when supplementation with 5% sorbitol was started
5 days after Str treatment, signs of sorbitol intolerance were no
longer observed (Figures S1C and S1D). Concentrations of sorbi-
tol in the cecal contents were elevated when sorbitol supplemen-
tation was started 1 day after Str treatment, which indicated that
the solute accumulates in the lumen of the large intestine when
the microbiota is disrupted. However, concentrations of sorbitol
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in the cecal contents were no longer elevated when sorbitol sup-
plementation commenced 5 days after Str treatment (Figure S1E),
when the microbiota regains a normal composition.’>™'” Thus,
our data suggested that transient sorbitol intolerance was corre-
lated with an antibiotic-mediated disruption of the gut microbiota.

Combining antibiotic exposure with HF diet drives
prolonged sorbitol intolerance

Our previous work shows that microbiota recovery is impaired
when exposure to Str is combined with high fat intake.?® We
thus wanted to determine whether exposure to this combination
of environmental factors would result in prolonged sorbitol intol-
erance. Mice (C57BL/6J) reared and maintained throughout the
experiment on a LF diet (10% fat) or a HF diet (45% fat) were
mock-treated or received a single dose of Str by oral gavage to
generate a history of antibiotic usage, respectively. 4 weeks later,
mice were considered to have a “history” of antibiotic treatment
and received drinking water supplemented with 5% sorbitol for
3 days. Combining Str treatment with high fat intake produced
signs of sorbitol intolerance, including weight loss (Figure 1A),
increased fecal water content (Figure 1B), and elevated sorbitol
levels in cecal contents (Figure 1C), even 4 weeks after antibiotic
exposure. Supplementation with sorbitol for 3 days did not alter
water intake (Figure S1F) or signs of inflammation, as assessed
by measuring colon length (Figure S1G). Importantly, HF
diet alone did not produce signs of sorbitol intolerance, such as
weight loss (Figure S1H), increased fecal water content (Fig-
ure S1l), or elevated sorbitol levels in cecal contents (Figure S1J).

Reduced SDH activity is a potential biomarker for
sorbitol intolerance
We wanted to determine whether sorbitol intolerance is associ-
ated with reduced activity of sorbitol dehydrogenase (SDH)
(officially designated L-iditol 2-dehydrogenase), the enzyme
catalyzing the conversion of sorbitol into sorbose or fructose.
Mice with a history of antibiotic treatment and high fat intake
featured reduced SDH activity in cecal extracts (Figure 1D).
Next, we explored whether reduced fecal SDH activity is also a
biomarker observed in patients. Combining a history of Str treat-
ment with high fat intake provides an animal model for patients
complaining about diarrhea, abdominal distention, and flatu-
lence, who have a recent history of antibiotic usage and report
higher fat intake than healthy controls and patients with 1BS.*°
Fecal samples banked from this previous study were analyzed
for fecal SDH activity. Notably, patients with elevated fecal cal-
protectin had decreased fecal SDH activity compared with IBS
patients or healthy controls (Figure 1E). In a questionnaire, pa-
tients with low fecal SDH activity were more likely to indicate
that they experienced gastrointestinal symptoms associated
with consumption of sugar-free food or beverages (Figure 1F).
Collectively, these data identify low fecal SDH activity as a po-
tential biomarker for prolonged sorbitol intolerance.

Str exposure combined with high fat intake depletes the
classes Clostridia, Betaproteobacteria, and
Actinobacteria

Next, we wanted to determine which bacterial taxa protect
against sorbitol intolerance during homeostasis. To analyze
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Figure 1. Mouse model of prolonged sorbitol intolerance

calprotectin artificial sweeteners

Mice maintained on a low-fat (LF) diet or a high-fat (HF) diet for 14 days were mock-treated or received a single dose of streptomycin (Str) by oral gavage. After
maintaining mice for 4 more weeks on the same diet, mice received drinking water supplemented with 5% sorbitol for 3 days.

(A) Change in body weight for each group (n = 14) over time.
(B) Fecal water content after 3 days of sorbitol supplementation.

(C) Sorbitol concentration after 3 days of sorbitol supplementation. LOD, limit of detection.
(D) Sorbitol dehydrogenase activity in cecal contents. (B-D) Group sizes (n) are indicated by the number of symbols. *p < 0.05; **p < 0.01; **p < 0.005;
****p < 0.001. (A, B, and F) Analysis with two-way (A) or one-way (B-E) ANOVA followed by Tukey’s multiple-comparison test (A), or Student’s t test (F). (A, E, and F)

Error bars indicate standard deviation.
See also Figure S1.

changes in the microbiota composition, fecal samples collected
from the experiment shown in Figures 1A-1D prior to antibiotic
treatment (day O; homeostasis) and 4 weeks after antibiotic treat-
ment (day 28; sorbitol intolerance) (Figure S2A) were analyzed by
16S ribosomal RNA gene amplicon sequencing (microbiota
profiling) (Figure S2B). Consistent with previous results,”® prior
Str treatment and high fat intake significantly reduced the relative
abundance of amplicon sequence variants (ASVs) belonging to
the class Clostridia (Figure 2A). A history of antibiotic treatment
and high fat intake increased the abundance of ASVs belonging
to the classes Bacilli, Bacteroidia, or Verrucomicrobiae in some
animals (Figures S2B and S2C). In mice with a history of antibiotic
exposure and high fat intake, the most notable increase in the
relative abundance was observed for ASVs belonging to the
genus Enterococcus (class Bacilli). The microbiota composition
varied between animals from this group (Figure 2B), but variability
could not be explained by cage effects. Linear discriminant anal-
ysis of fecal samples prior to, and 4 weeks after Str treatment re-
vealed that prior Str treatment combined with high fat intake
significantly increased several ASVs within the class Bacilli and
significantly reduced the relative abundances of the classes
Clostridia, Betaproteobacteria, and Actinobacteria (Figure 2C).

Metagenomic analysis identifies Clostridia as the main
source of genes involved in sorbitol catabolism during
homeostasis

We next wanted to determine which of the taxa that were
depleted in mice with sorbitol intolerance were likely to prevent
sorbitol intolerance during homeostasis. To analyze the meta-
bolic capacity of the microbiota, we performed shotgun metage-
nomic sequencing on fecal samples collected from the experi-
ment shown in Figures 1A-1D prior to antibiotic treatment
(homeostasis) or 4 weeks after antibiotic treatment (sorbitol intol-
erance) (Figure S2A).

Metagenomic analysis identified a total of 11,979 unique genes
from medium to high-quality binned genomes (bins), which
were annotated using the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) brite orthology database.”® Since this study
focused on carbohydrate metabolism, our analysis remained
focused on a small subset of unique genes. However, to allow
readers to explore data regarding genes not related
to carbohydrate catabolism, we developed a web applica-
tion that allows interactive analysis of all KEGG orthology path-
ways within the dataset (https://clostridia-enjoyer.shinyapps.io/
sorbitolMetagenome/). Metagenomic analysis identified 421
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Figure 2. Clostridia are a main source of sorbitol dehydrogenase genes during homeostasis

Mice were maintained on a low-fat (LF) diet or a high-fat (HF) diet for 14 days. Fecal samples were collected (“LF” or “HF before Str”), and mice were mock-
treated or received a single dose of streptomycin (Str) by oral gavage. After maintaining mice for 4 more weeks on the same diet, a second fecal sample was
collected for analysis (“LF + 4 weeks” or “HF 4 weeks after Str”).

(A-C) Microbiota profiling of fecal DNA collected at the indicated time points. (A and B) Relative abundance of amplicon sequence variants (ASVs) belonging to the
class Clostridia (A) or the genus Enterococcus (B). Boxplots represent the first to third quartiles, and lines indicate median values. *p < 0.05. Analysis with Kruskal-
Wallis test. (C) The cladogram shows differences in taxa composition between samples collected before streptomycin treatment (HF before Str) and 4 weeks after
streptomycin treatment (HF 4 weeks after Str). Taxa that are significantly (Kruskal-Wallis test, linear discriminant analysis effect size [LEfSe]) more abundant
(green) or less abundant (red) before compared with 4 weeks after streptomycin treatment are shown.

(D-F) DNA isolated from the indicated samples was subjected to metagenomic analysis. (D) Volcano plot of genes involved in carbohydrate metabolism. Negative
values indicate genes with decreased abundance 4 weeks after streptomycin treatment compared with prior to streptomycin treatment. (E and F) Abundance of
genes encoding sorbitol dehydrogenase (E) or sorbitol-6-phosphate 2-dehydrogenase (F) in samples collected prior to or 4 weeks after streptomycin treatment.

See also Figures S2, S3, S4, and S5.

genes involved in carbohydrate catabolism. Hierarchical clus-
tering of samples using the 421 genes belonging to carbohydrate
metabolism revealed 3 distinct clusters. One cluster contained
samples collected before Str treatment, while the other 2 clusters
contained samples 4 weeks after Str treatment (Figure S3). Differ-
ential abundance analysis of genes involved in carbohydrate
metabolism revealed more significantly decreased genes than
increased genes 4 weeks after Str treatment (Figure 2D). Among
the genes with significantly reduced abundance after exposure
to environmental risk factors were those involved in the catabo-
lism of polyols, including mannitol, galactitol, erythritol, ribitol,
and arabinitol (Figure S4A).

Two pathways for sorbitol catabolism have been described in
bacteria. The first pathway involves transport across the bacte-
rial cytoplasmic membrane through an ATP binding cassette
(ABC) transporter® or a transport system of the major facilitator
superfamily (MFS).°" Transport of sorbitol into the cytosol is then
followed by an NAD*-dependent conversion into either sorbose
or fructose by SDH. Genes encoding SDH activity form a distinct
subfamily within the polyol dehydrogenase family.> The majority
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of SDH encoding reads from medium and high-quality bins in
samples collected prior to antibiotic treatment were derived
from bins belonging to the class Clostridia (Figure 2E). A history
of antibiotic treatment and high fat intake significantly reduced
the abundance of SDH encoding reads (Figures 2E and S2D).
The second pathway for sorbitol utilization involves transport
across the bacterial cytoplasmic membrane through a
phosphotransferase (PTS) system, which is coupled to a
phosphoenolpyruvate-dependent phosphorylation of sorbitol
to yield sorbitol-6-phosphate. The enzyme sorbitol-6-phosphate
2-dehydrogenase then catalyzes the cytosolic conversion
of sorbitol-6-phosphate and NAD* to fructose-6-phosphate,
NADH, and H*. The main source of sorbitol-6-phosphate
2-dehydrogenase encoding reads in samples collected prior to
antibiotic treatment was from bins belonging to the class Clostri-
dia (Figure 2F). By contrast, the majority of sorbitol-6-phosphate
2-dehydrogenase encoding reads collected 4 weeks after Str
treatment of mice on a HF diet were derived from bins belonging
to the class Bacilli. However, the overall relative abundance of
sorbitol-6-phosphate 2-dehydrogenase encoding reads did not
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significantly change between treatment groups (Figure S2D).
Overall, SDH encoding reads were more abundant than sorbi-
tol-6-phosphate 2-dehydrogenase encoding reads (Figures 2E
and 2F), suggesting that the former might be the dominate
pathway for removal of sorbitol from the intestinal lumen during
homeostasis.

The majority of SDH and sorbitol-6-phosphate 2-dehydroge-
nase encoding reads in samples collected prior to antibiotic expo-
sure were derived from bins belonging to the class Clostridia
(Figures 2E and 2F) and the order Lachnospirales (class
Clostridia) (Figure S2E). A history of antibiotic treatment and high
fat intake reduced the abundance of Clostridia, which made Bacilli
and Verrucomicrobiae the most prominent sources of genes
involved in sorbitol catabolism. However, anincreased abundance
of SDH encoding reads from Bacilli and Verrucomicrobiae did not
fully compensate for the loss of SDH encoding reads from Clostri-
dia, thus reducing the overall metabolic potential to catabolize sor-
bitol in microbial communities from mice with a history of antibiotic
treatment and high fat intake (Figure 2E).

Diminished microbial sorbitol catabolism causes
sorbitol intolerance

To directly test whether impairment of microbial sorbitol catabo-
lism causes sorbitol intolerance, we used Escherichia coli strain
Nissle 1917 (family Enterobacteriaceae), a genetically tractable
probiotic that catabolizes sorbitol.>® To facilitate engraftment
of the probiotic, we initially used a model of transient sorbitol
intolerance (Figure S1) in which disruption of the gut microbiota
with Str ensures efficient colonization. Mice reared and main-
tained throughout the experiment on a LF diet were inoculated
1 day after Str treatment with different doses (between 10° and
10° colony-forming units [CFUs] per animal) of E. coli strain Nis-
sle 1917 to generate mice that differed in their absolute E. coli
abundance in the feces (Figures 3A and 3B). At the day of inoc-
ulation with E. coli Nissle 1917, supplementation of drinking wa-
ter with 5% sorbitol was started. Supplementation of drinking
water with 5% sorbitol for 2 days produced sorbitol-induced
diarrhea (Figure 3C) in Str-treated mice that carried E. coli Nissle
1917 below a threshold of 108 CFU/g feces (Figure 3A) or 10° 16S
rRNA gene copies/20 ng DNA (Figure 3B). By contrast, mock-
treated mice or Str-treated mice that carried E. coli Nissle 1917
above threshold levels were protected from sorbitol-induced
diarrhea (Figures 3A-3C). Cecal SDH activity was reduced by
treatment with Str but was restored when mice were colonized
with E. coli at levels above the threshold (Figure 3D).

To test whether the ability of E. coli to protect against sorbitol
intolerance was dependent on its ability to ferment sorbitol, we
constructed a mutant deficient for sorbitol catabolism (sr/AEB
mutant). Whereas E. coli Nissle 1917 was able to deplete sorbitol
in aerobic broth culture, a sHAEB mutant was no longer able to
catabolize this sugar in vitro. Sorbitol fermentation could be
restored in a srlAEB mutant by introducing the sr/AEB genes
on a plasmid (pAWLR196) but not by introducing an empty vec-
tor control (pWSK29) (Figure 3E). Notably, the ability of E. coli to
protect against sorbitol-induced diarrhea in vivo was dependent
on its ability to ferment sorbitol, because protection was no
longer observed (Figure 3F) in Str-treated mice colonized above
threshold levels with an E. coli strain deficient for sorbitol catab-

¢ CellP’ress

OPEN ACCESS

olism (srlAEB mutant) (Figure 3G). These data provided genetic
evidence to causatively linked sorbitol intolerance to an impair-
ment of microbial sorbitol catabolism.

Assignment of most reads involved in sorbitol catabolism to
Clostridia bins during homeostasis (Figures 2E and 2F) sug-
gested that a lasting depletion of this taxon (Figure 2A) triggers
sorbitol intolerance. We thus explored whether a sorbitol-
consuming member of the class Clostridia could serve as a
second-generation probiotic®® to treat sorbitol intolerance.
Anaerostipes caccae is a commensal, butyrate-producing Clos-
tridia isolate®® that can utilize sorbitol as a sole carbon source
in vitro (Figure 3H).** A. caccae was neither detected by micro-
biota profiling nor by metagenomic analysis in microbiota of
mice analyzed in this study, but this species is prevalent and
abundant in the human fecal microbiota.>”*® In a proof-of-
concept experiment, mice (C57BL/6J) reared and maintained
throughout the experiment on a LF diet were mock-treated or
treated with a single dose of Str to generate transient sorbitol
intolerance and to facilitate colonization. 1 day later, drinking wa-
ter was supplemented with 5% sorbitol, and groups of Str-
treated mice were inoculated with different doses of A. caccae.
The resulting groups of Str-treated mice differed in their absolute
abundance of A. caccae in the feces (Figure 3l). Supplementa-
tion of drinking water with 5% sorbitol for 2 days produced signs
of sorbitol-induced diarrhea (Figure 3J) in Str-treated mice that
carried A. caccae below a threshold of approximately 106 16S
rRNA gene copies/20 ng DNA (Figure 3l), which was similar to
the threshold determined for E. coli (Figure 3B). The SDH activity
of the microbiota was reduced by treatment with Str but was
restored when mice were colonized with A. caccae at levels
above the threshold (Figure 3K).

Treatment of prolonged sorbitol intolerance with
sorbitol-catabolizing probiotics
We next wanted to test whether treatment with sorbitol-
consuming probiotics would protect against prolonged sorbitol
intolerance. Mice reared and maintained throughout the experi-
ment on a LF or a HF diet were mock-treated or received a single
dose of Str, respectively. 4 weeks later, mice received drinking
water supplemented with 5% sorbitol and were inoculated with
10° CFUs of E. coli Nissle 1917, A. caccae, or Lactiplantibacillus
plantarum strain NICMB8826-R (class Bacilli, phylum Firmi-
cutes), a probiotic strain that can catabolize sorbitol (Figure 4A).
After 3 days of sorbitol supplementation, all three probiotics
conferred protection against sorbitol-induced diarrhea (Fig-
ure 4B). Whereas the degree of protection against sorbitol-
induced diarrhea afforded by A. caccae and E. coli Nissle 1917
did not change over time, L. plantarum no longer conferred pro-
tection after 7 days of sorbitol supplementation. All three probi-
otics prevented accumulation of sorbitol in cecal contents after
3 days of supplementation, but sorbitol started to accumulate
in ceca of mice inoculated with L. plantarum after 7 days (Fig-
ure 4C). Whereas all three probiotics provided some degree of
protection against sorbitol-induced diarrhea, only A. caccae
lowered fecal water content to levels seen in controls without
sorbitol intolerance (Figure 4B).

Since protection against transient sorbitol intolerance requires
colonization above a certain threshold (Figures 3A-3C, 3,
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Figure 3. Abundant probiotics protect against transient sorbitol intolerance

(A-D and F-K) Mice were mock-treated or treated with a single dose of streptomycin. 1 day later, drinking water was supplemented with 5% sorbitol, and mice
were inoculated with different doses of E. coli Nissle 1917 (EcN WT), an E. coli Nissle 1917 srlABE mutant (EcN srlABE), or A. caccae. Samples were collected after
2 days of sorbitol supplementation.

(A) Colony-forming units (CFUs) recovered from feces of animals (y axis) 2 days after inoculation with the indicated doses of ECN WT (x axes).

(B) The abundance of E. coli in fecal samples was determined by real-time PCR using Enterobacterales-specific primers.

(C and J) Fecal water content in fecal pellets (y axis) collected from animals 2 days after inoculation with the indicated doses (x axes) of E. coli Nissle 1917 (C) or
A. caccae (J).

(D) Sorbitol dehydrogenase activity in cecal contents of mice inoculated with the indicated doses of E. coli Nissle 1917.

(E) Minimal medium containing sorbitol as a sole carbon source was inoculated with the indicated E. coli Nissle 1917 strains carrying either no plasmid, a plasmid
encoding the sr/AEB genes (pPAWLR169), or the empty plasmid vector (pWSK29). After overnight culture, the sorbitol concentration in culture supernatants was
measured.

(F) Fecal water content in fecal pellets (y axis) collected from animals 2 days after inoculation with the indicated doses of EcN sr/ABE (x axes).

(G) CFU recovered from feces of animals (y axis) 2 days after inoculation with the indicated doses of EcN srl/ABE (x axes).

(H) In vitro anaerobic growth of A. caccae in no-carbon defined medium (NCDM) supplemented with glucose, sorbitol, or without supplementation (no sugar).
Enterocloster asparagiformis, a Clostridia species that does not ferment sorbitol,®* was used as a negative control.

() The abundance of A. caccae in fecal samples was determined by real-time PCR using genus-specific primers.

(K) Sorbitol dehydrogenase activity in cecal contents of mice inoculated with the indicated doses of A. caccae.

(A, B, and I) A gray bar indicates the threshold of colonization required for protection against sorbitol-induced diarrhea. (A, B, G, and I) LOD, limit of detection.
*p < 0.05; **p < 0.01; **p < 0.005; ****p < 0.001. (C-F, H, J, and K) Analysis by one-way ANOVA followed by Tukey’s multiple-comparison tests.

and 3J), we first considered that sorbitol-consuming probiotics  probiotic was able to catabolize sorbitol to confer protection

might differ in their ability to protect against prolonged sorbitol
intolerance (Figure 4B) because they differed in their ability to
colonize mice. Whereas E. coli was recovered from feces in
similar numbers at three and 7 days after inoculation, both
L. plantarum and A. caccae colonization levels dropped by
several orders of magnitude between days 3 and 7 after inocula-
tion (Figures 4D and 4E). Thus, a possible explanation for a loss
of protection conferred by L. plantarum 7 days after inoculation
(Figure 4B) was that the probiotic was beginning to be cleared
(Figure 4D).

The consistently high colonization levels of E. coli Nissle 1917
throughout the experiment (Figure 4D) suggested that the
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throughout the 7-day exposure to sorbitol (Figure 4B). To test
whether protection by E. coli Nissle 1917 required its ability
to catabolize sorbitol, the experiment was repeated with mice
inoculated with E. coli Nissle 1917 wild-type (WT) or an isogenic
sorbitol fermentation-deficient strain (sr/AEB mutant). 3 days af-
ter inoculation, WT and sr/AEB mutant were recovered in similar
numbers from the feces (Figure S6A), but only the sorbitol
fermentation-proficient WT depleted sorbitol in cecal contents
(Figure S6B) and prevented a rise in fecal water content during
sorbitol exposure (Figure S6C). These data suggested that sorbi-
tol catabolism of E. coli Nissle 1917 was causatively linked to its
ability to protect against prolonged sorbitol intolerance.
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Figure 4. Sorbitol-catabolizing probiotics protect against prolonged sorbitol intolerance

Mice reared and maintained throughout the experiment on a low-fat (LF) or a high-fat (HF) diet were mock-treated or received a single dose of streptomycin (Str),
respectively. 4 weeks later, mice received drinking water supplemented with 5% sorbitol and were inoculated with 10° colony-forming units (CFUs) of E. coli
Nissle 1917 (EcN), A. caccae (AC), or Lactiplantibacillus plantarum (LP). Samples were collected after 3 or 7 days of sorbitol supplementation.

A) Schematic of experimental groups and time points.

B) Fecal water content in fecal pellets.

C) Sorbitol dehydrogenase activity in cecal contents.

D) CFU of EcN or LP.

E) Absolute abundance of AC in feces was determined by real-time PCR using genus-specific primers.

F) Absolute abundance of Clostridia in feces determined by real-time PCR using class-specific primers.

(G) Numbers of amplicon sequence variants (ASVs) belonging to the class Clostridia at the indicated time points. Box plots represent the first to third quartiles, and
lines indicate median values. *p < 0.05; **p < 0.01; **p < 0.005; ****p < 0.001. Analysis by one-way ANOVA followed by Tukey’s multiple-comparison tests (B-D
and F) or Student’s t test (E). (C, E, and F) LOD, limit of detection. (E and F) Error bars represent standard deviation.

See also Figure S6.
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Colonization above threshold levels at 3 days after inoculation  to normal levels. Consistent with this idea, inoculation with
(Figures 3l and 4E) suggested that A. caccae might protect A. caccae restored a normal absolute abundance of Clostridia
against sorbitol intolerance at this time point (Figure 4B) by as indicated by real-time PCR using class-specific primers (Fig-
depleting sorbitol (Figure 4C). However, the probiotic still ure 4F), which persisted even after the probiotic had been
normalized fecal water content after 7 days of sorbitol exposure cleared 7 days after inoculation (Figure 4E). Furthermore,
(Figure 4B), even though A. caccae was being cleared by this A. caccae promoted a rise in Clostridia richness, as indicated
time point (Figure 4E). Thus, protection conferred by A. caccae by detecting increasing numbers of distinct ASVs belonging
at 7 days after inoculation (Figure 4B) could not be attributed to the class Clostridia during microbiota profiling at 7 days

to its ability to catabolize sorbitol. after inoculation with the probiotic (Figure 4G). By contrast,
the absolute abundance and richness of the Clostridia popula-

Treatment with a butyrate-producing probiotic tion remained low in mice treated with E. coli Nissle 1917 or

promotes microbiota recovery L. plantarum (Figures 4F and 4G).

We next investigated whether A. caccae protected mice from One feature that distinguishes A. caccae from E. coli or

sorbitol intolerance at 7 days after inoculation because this pro- L. plantarum is its ability to produce the short-chain fatty acid
biotic promoted an increase in the abundance of other Clostridia  butyrate.*® We thus wanted to determine whether butyrate pro-
species, thereby restoring sorbitol catabolism of the microbiota  duction is linked to microbiota recovery. Our metagenomic
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Figure 5. A. caccae restores butyrate levels and epithelial hypoxia in mice with prolonged sorbitol intolerance

Mice reared and maintained throughout the experiment on a low-fat (LF) or a high-fat (HF) diet were mock-treated or received a single dose of streptomycin (Str),
respectively. 4 weeks later, mice received drinking water supplemented with 5% sorbitol and were inoculated with 10° colony-forming units (CFUs) of E. coli
Nissle 1917 (EcN), A. caccae (AC), or Lactiplantibacillus plantarum (LP). Samples were collected after 3 or 7 days of sorbitol supplementation.

(A) Butyrate concentrations in cecal contents. Error bars represent standard deviation.

(B) Relative abundance of Clostridia families containing gene sequence involved in butyrate metabolism. Box plots represent the first to third quartiles, and lines

indicate the median values.

(C and D) Mice were injected with pimonidazole (PMDZ) before euthanasia. PMDZ was detected using hypoxyprobe-1 primary antibody and a Cy-3 conjugated
goat anti-mouse secondary antibody (red fluorescence) in colonic sections counter stained with nuclear stain (blue fluorescence). (C) Representative images for
each group 7 days after inoculation with probiotics. L, intestinal lumen. The graph shows PMDZ intensity from the lumen across the epithelial layer (distance in
arbitrary units). (D) The graph shows the average peak PMDZ intensity. (A and D) Each symbol represent data from one animal. **p < 0.01; ***p < 0.005. Analysis by
one-way ANOVA followed by Tukey’s multiple-comparison tests (A) or Kruskal-Wallis test (D).

analysis predicted that sorbitol intolerance was linked to a
reduced capacity of the microbiota to produce butyrate (Fig-
ure S4B). Consistent with this prediction, a history of Str treat-
ment and high fat intake was associated with a marked reduction
in the cecal butyrate concentration (Figure 5A). Microbiota
profiling revealed that this drop in cecal butyrate levels was
linked to a depletion of Lachnospiraceae and Ruminococcaceae
(Figure 5B), two Clostridia families that harbor butyrate pro-
ducers.® Treatment with A. caccae increased cecal butyrate
levels, whereas inoculation with E. coli Nissle 1917 or
L. plantarum did not restore production of this short-chain fatty
acid (Figure 5A). Clearance of A. caccae by day 7 after inocula-
tion (Figure 4E) suggested that restoration of butyrate levels at
this time point (Figure 5A) was likely attributable to an increased
abundance of other butyrate-producing species as suggested
by an increased abundance of Lachnospiraceae (Figure 5B).
Butyrate is a peroxisome proliferator-activated receptor-
gamma (PPAR-y) agonists that maintains epithelial hypoxia in
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the colon to limit the diffusion of oxygen into the intestinal lumen,
which helps maintain anaerobiosis in the lumen.“® In support of
increased oxygen availability in the gut lumen, metagenomic
analysis revealed that microbial genes involved in oxidative
phosphorylation exhibited an increased abundance after expo-
sure to antibiotics and high fat intake (Figure S5). Consistent
with a previous report,”® a history of Str treatment and high
fat intake was associated with a loss of epithelial hypoxia
(Figures 5C and 5D). Notably, a rise in cecal butyrate levels
during A. caccae treatment (Figure 5A) was correlated with a
restoration of epithelial hypoxia (Figures 5C and 5D). By contrast,
when mice with a history of Str treatment and high fat intake were
treated with E. coli Nissle 1917 or L. plantarum, neither cecal
butyrate levels (Figure 5A) nor epithelial hypoxia (Figures 5C
and 5D) were restored. Collectively, these data supported the
hypothesis that butyrate production by A. caccae activates
epithelial PPAR-vy signaling to restore epithelial hypoxia, which
in turn promotes microbiota recovery.
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Figure 6. A. caccae and butyrate stimulate epithelial PPAR-y signaling to promote microbiota recovery

Mice reared and maintained throughout the experiment on a low-fat (LF) or a high-fat (HF) diet were mock-treated or received a single dose of streptomycin (Str),
respectively. 4 weeks later, mice received drinking water supplemented with 5% sorbitol and were inoculated with A. caccae (AC) or received supplementation
with 5-amino salicylic acid (5-ASA) or tributyrin (TB). Samples were collected after 3 or 7 days of sorbitol supplementation.

(A-F) Experiments with C57BL/6J mice. (A) Butyrate concentrations in cecal contents. (B) Fecal water content in fecal pellets. (C) Sorbitol concentration. (D and I)
Mice were injected with pimonidazole before euthanasia. Binding of pimonidazole (PMDZ) was detected using hypoxyprobe-1 primary antibody and a Cy-3
conjugated goat anti-mouse secondary antibody. (D) Average PMDZ peak intensity. (E) Absolute abundance of Clostridia in fecal samples was determined by
real-time PCR using class-specific primers. Error bars represent standard deviation. (F) Relative abundance of Clostridia families containing gene sequence
involved in butyrate metabolism. Box plots represent the first to third quartiles, and lines indicate median values.

(G-J) Experiments were performed with Pparg™"Villin®®'~ mice (Pparg) or Pparg™"Villin~'~ littermate controls (WT). (G) Fecal water content. (H) Sorbitol con-
centration. (l) Average PMDZ peak intensity. (J) Butyrate concentrations in cecal contents. *p < 0.05; **p < 0.01; ***p < 0.005; ***p < 0.001. Analysis by one-way
ANOVA followed by Tukey’s multiple-comparison tests (A-C, E, and G-J) or Kruskal-Wallis test (D). (C and H) LOD, limit of detection.

See also Figure S7.

To test this hypothesis, we determined whether butyrate
activates epithelial PPAR-vy signaling to promote microbiota re-
covery in mice with prolonged sorbitol intolerance. Since buty-
rate is absorbed in the small intestine, we inoculated mice with
tributyrin (TB), a triglyceride that is poorly absorbed in the small
intestine and is cleaved by host enzymes in the large intestine
to release glycerol and butyrate. Mice reared and maintained
throughout the experiment on a HF diet received a single
dose of Str. 4 weeks later, mice received drinking water supple-
mented with 5% sorbitol and were mock-treated or treated with
TB. 3 days of TB treatment resulted in a small but significant
increase in the cecal butyrate concentration (Figure 6A). By
7 days of TB treatment, cecal butyrate levels were markedly
increased. TB treatment protected against sorbitol-induced
diarrhea (Figure 6B) which was linked to depletion of sorbitol
in cecal contents after 7 days of sorbitol supplementation (Fig-
ure 6C). Consistent with our hypothesis, TB restored epithelial
hypoxia in the colon (Figure 6D) and enlarged the absolute
Clostridia abundance (Figure 6E), which included a rise in the

relative abundance of Lachnospiraceae (Figure 6F), after
7 days of treatment. These data suggested that butyrate re-
stores hypoxia to promote microbiota recovery, a process
that confers resistance to sorbitol-induced diarrhea within a
week of TB supplementation.

Next, we wanted to determine whether PPAR-y signaling in
the host epithelium was required for maintaining protection
against sorbitol intolerance even after A. caccae has been cleared.
Mice lacking PPAR-y synthesis specifically in the intestinal
epithelium (Pparg™Villin®®~ mice) and WT littermate controls
(Pparg™Villin~'~ mice) reared and maintained throughout the
experiment on a LF or a HF diet were mock-treated or received a
single dose of Str, respectively. 4 weeks later, mice received drink-
ing water supplemented with 5% sorbitol (Figure 4A). At the time of
sorbitol exposure, mice were either mock inoculated, inoculated
with A. caccae, or received TB treatment. Notably, in mice lacking
epithelial PPAR-y signaling, treatment with A. caccae or TB no
longer protected against sorbitol-induced diarrhea (Figure 6G)
and the accumulation of sorbitol in cecal contents (Figure 6H).
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Furthermore, treatment with A. caccae or TB no longer restored
epithelial hypoxia in mice lacking epithelial PPAR-y signaling
(Figures 61 and S7). Consistent with a role of PPAR-y signaling in
promoting the recovery of butyrate-producing members of the mi-
crobiota, butyrate levels increased 1 week after treatment with
A. caccae in littermate control mice but not in mice lacking epithe-
lial PPAR-y signaling (Figure 6J).

5-ASA promotes microbiota recovery to prevent sorbitol
intolerance

The finding that butyrate production by A. caccae promoted
microbiota recovery within 7 days after inoculation suggested
that restoration of epithelial hypoxia could be a potential
strategy for promoting microbiota recovery after antibiotic
exposure. We reasoned that PPAR-y agonists that target
the host to restore epithelial hypoxia would reestablish
anaerobiosis, thereby normalizing growth of obligately anaer-
obic Clostridia to prevent sorbitol intolerance. Previous work
shows that the PPAR-y agonist 5-amino salicylic acid (5-
ASA)*" restores epithelial hypoxia in mice with a history of
antibiotic treatment and high fat intake.?® We thus explored
whether 5-ASA could be used for treatment or prophylaxis
of sorbitol intolerance.

Mice with a history of antibiotic treatment and high fat
intake (Figure 4A) received chow supplemented with 5-ASA
and drinking water supplemented with 5% sorbitol. Supple-
mentation with 5-ASA for 3 days did not alleviate signs of sor-
bitol intolerance. However, by 7 days of 5-ASA treatment,
cecal butyrate levels were markedly increased (Figure 6A).
7 days of 5-ASA treatment protected mice against sorbitol-
induced diarrhea (Figure 6B), which was linked to a depletion
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followed by Tukey’s multiple-comparison tests.

of sorbitol in cecal contents (Figure 6C), a restoration of
epithelial hypoxia in the colon (Figure 6D), a greater absolute
Clostridia abundance (Figure 6E), an increased richness of
the Clostridia population (Figure 7A), and a rise in the relative
abundance of Lachnospiraceae (Figure 7B). Collectively, these
data suggested that activation of epithelial PPAR-y signaling
with 5-ASA facilitated microbiota recovery by activating
epithelial PPAR-y signaling, but this process did not restore
homeostasis fast enough to provide immediate relieve from
sorbitol intolerance.

To test whether 5-ASA could be used for prophylaxis, mice
reared and maintained throughout the experiment on a LF
or a HF diet were mock-treated or received a single dose of
Str, respectively, and received prophylaxis by supplementing
chow with 5-ASA starting on the day of Str treatment. 4 weeks
later, mice received drinking water supplemented with 5% sor-
bitol to assess sorbitol tolerance. Prophylaxis with 5-ASA
restored a normal absolute abundance of Clostridia in Str-
treated mice on a HF diet (Figure 7C). 5-ASA drove this change
in the microbiota composition by activating PPAR-y in the in-
testinal epithelium, because 5-ASA prophylaxis no longer
increased Clostridia levels in mice lacking PPAR-y synthesis
specifically in the intestinal epithelium (Pparg™Villin°®~ mice)
(Figure 7D). 5-ASA prophylaxis prevented accumulation of
sorbitol in cecal contents during sorbitol supplementation
(Figure 7E) and reduced fecal water content (Figure 7F). Thus,
prophylactic activation of epithelial PPAR-y signaling with
5-ASA prevented development of prolonged sorbitol intoler-
ance after exposure to antibiotics and high fat intake by pro-
moting microbiota recovery, thereby normalizing microbial sor-
bitol catabolism.
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DISCUSSION

Up to 30% of the population in high-income countries experi-
ence episodes of carbohydrate intolerance, with abdominal
complaints being associated most commonly with lactose,
fructose, or sorbitol.*” Lactose and fructose intolerance can be
explained by malabsorption in the ileum due to congenital or ac-
quired defects in specific host enzymes or transport systems.**
Sorbitol intolerance is commonly included in the category of car-
bohydrate malabsorption.** However, since humans lack a spe-
cific sorbitol transporter, its uptake relies on passive diffusion,
resulting in poor absorption in the small intestine even in healthy
individuals. There is no experimental evidence to suggest that
patients with sorbitol intolerance exhibit reduced uptake of sor-
bitol by passive diffusion.** Instead, our results suggest that in
healthy individuals, microbial sorbitol catabolism protects
against symptoms of sorbitol intolerance arising from an inher-
ently poor absorption of this polyol. Here we show that sorbitol
intolerance arises from an impairment of microbial sorbitol
catabolism, a finding with implications for diagnosis, pathophys-
iology, treatment, and prevention.

The development of carbohydrate intolerance tests that reli-
ably predict the outcome of dietary management remains a
clinical challenge in the field of functional bowel disease.*
Here we show that measurements of microbiota-derived SDH
levels in the feces and the abundance of SDH gene sequences
in the metagenome predict sorbitol intolerance in a mouse
model. Furthermore, the analysis of human fecal samples sug-
gested that low SDH levels correlate with patients exhibiting
intolerance to sugar-free food. Thus, it may be possible to
develop microbiota-based diagnostic tests for sorbitol intoler-
ance in high-risk groups, which represents a promising area
for future research.

By developing an animal model for prolonged sorbitol intoler-
ance, our results provide insights into the pathophysiology of this
condition. The observation that exposure to antibiotics in combi-
nation with high fat intake impairs microbial sorbitol catabolism
by lowering the abundance of Clostridia challenges conventional
wisdom that prolonged sorbitol intolerance is caused by malab-
sorption.'?*? Exposure to antibiotics and high fat intake are also
environmental risk factors involved in the pathophysiology of
IBD.**°° Epidemiological studies from Western countries,
where these risk factors are more prevalent, report a higher
incidence of carbohydrate intolerance compared with Asian
countries,*? and feces of East Asian subjects exhibit increased
levels of short-chain fatty acids and greater abundance of reads
encoding short-chain fatty acid-related metabolic pathways
binned to Clostridia compared with white subjects.®’ A reduced
relative abundance of Clostridia in IBD patients is well docu-
mented.®> > Our results show that a combination of environ-
mental risk factors can give rise to prolonged sorbitol intoler-
ance, which is observed in some patients with quiescent
IBD.%? Clinical trials show a correlation between carbohydrate
intake (including polyols) and gastrointestinal symptoms in IBD
patients.''°°" These clinical observations align well with our
finding that diminished butyrate production and a reduced abun-
dance of Clostridia in the fecal microbiota are functionally linked
to prolonged sorbitol intolerance in a mouse model.
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Epithelial hypoxia limits the diffusion of oxygen into the intes-
tinal lumen to maintain anaerobiosis,*® thereby providing a
host environment that favors growth of obligately anaerobic
bacteria, such as Clostridia.”® Antibiotic-mediated disruption
of the colonic microbiota depletes short-chain fatty acids,
which in turn triggers a shift in epithelial metabolism to increase
the availability of host-derived oxygen.“® A HF diet rich in satu-
rated fatty acids triggers oxidative stress in host cells®® by
inducing elevated mitochondrial hydrogen peroxide produc-
tion.®"°2 Through this mechanism, a prolonged HF diet impairs
recovery of mitochondrial bioenergetics after antibiotic treat-
ment, thereby interfering with microbiota recovery.”® Since
increased epithelial oxygenation is ultimately responsible for
an impaired microbiota recovery after antibiotic exposure, it
should be possible to prevent the development of prolonged
sorbitol intolerance after exposure to antibiotics and high fat
intake by restoring host functions that maintain the colonic
epithelium in a state of physiological hypoxia. Our results sug-
gest that prophylaxis with 5-ASA, a drug that activates epithe-
lial PPAR-y signaling to stimulate mitochondrial activity,®® can
reestablish epithelial hypoxia and promote microbiota recovery
after antibiotic treatment even in the face of high fat intake.
These data identify the intestinal epithelium as a potential treat-
ment target to prevent the development of prolonged sorbitol
intolerance.

The finding that prolonged sorbitol intolerance is due to
impaired microbial sorbitol catabolism suggests that the micro-
biota represents a second potential treatment target. One treat-
ment option might be the use of sorbitol-consuming probiotics,
such as E. coli Nissle 1917 or L. plantarum, to augment micro-
bial sorbitol catabolism in patients with sorbitol intolerance.
However, the protective effect of probiotics was dependent
on reaching high numbers in the feces. Such high colonization
levels might be difficult to accomplish with some probiotics.
Furthermore, high colonization levels of E. coli Nissle 1917
might not be desirable, since intestinal domination by Entero-
bacterales is considered a microbial signature of dysbiosis.”®°*
Interestingly, our data identify A. caccae as a second-genera-
tion probiotic that targets both the host and the microbes to
protect against sorbitol intolerance. The ability of A. caccae
to catabolize sorbitol resulted in a depletion of this polyol
from cecal contents when the probiotic was abundant, which
conferred protection against transient sorbitol intolerance after
antibiotic exposure. Importantly, A. caccae still conferred pro-
tection against prolonged sorbitol intolerance even when the
abundance of the probiotic was low, which was linked to its
ability to produce butyrate. Butyrate stimulates PPAR-y
signaling in the host to restore epithelial hypoxia,*® which pro-
moted microbiota recovery within a week after inoculating mice
with A. caccae. Once microbiota recovery was complete, a high
abundance of A. caccae was no longer required to confer pro-
tection against sorbitol intolerance. Thus, the appeal of using
this second-generation probiotic is that the sorbitol catabolism
of A. caccae provides immediate relief from sorbitol intoler-
ance, whereas its ability to produce butyrate promotes micro-
biota recovery within a week, thereby allowing other bacteria
that metabolize sorbitol to grow to numbers that are high
enough to deplete this polyol.
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Limitations of the study

Antibiotic-naive mice tolerate supplementation with up to 5%
sorbitol, which is equivalent to a daily intake of 20-30 g in hu-
mans, a dosage that can induce symptoms of carbohydrate
intolerance in healthy volunteers.” A possible reason why mice
can tolerate a higher sorbitol intake than humans is that these
hindgut fermenters possess an enlarged cecum to slow digesta
flow, which aids carbohydrate catabolism by the microbiota.®®
These morphological and functional differences between the
gastrointestinal tracts of mice and humans represent a limitation
of rodent models. Therefore, clinical studies will be needed to
further test the hypothesis that probiotics or PPAR-y agonists
can be used to treat or prevent sorbitol intolerance.
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KEY RESOURCES TABLE
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

E. coli Nissle 1917 (06:K5:H1) Nissle® E. coli Nissle 1917
E. coli Nissle 4slIrAEB This study SIrAEB mutant
E. coli DH5a~1 Apir Pal et al.°® DH50—1 Apir
E. coli S17-1 \pir Simon et al.®” S17-1 Npir

E. coli TOP10 Invitrogen E. coli TOP10
Lactiplantibacillus plantarum NCIMB8826-R Tachon et al.®® NCIMB8826-R
Anaerostipes caccae Tiffany et al.>*; Atarashi et al.®®"° N/A
Enterocloster aspargiforme Tiffany et al.*>*; Atarashi et al.®%"° N/A

Biological samples

Human fecal samples Lee et al.”® N/A
Recombinant DNA

Addgene plasmid #43828 Edwards et al.”’ pRE112
Flanking regions of the sr/AEB This study PAWLR80
operon cloned in plasmid pRE112

Ori(R101) repA101tsCarb" Lopez et al.”” pSW172
pWSK29::Q cassette Spees et al.”® pCAL61
Cloning vector pWSK29 Wang and Kushner’* pPWSK29
srIAEB operon cloned into pWSK29 This study PAWLR169
Chemicals, peptides, and recombinant proteins

D-sorbitol Sigma Aldrich Cat#: 240850
Streptomycin sulfate Fluka Cat#: 85884
5-aminosalicylic acid Sigma Aldrich Cat#: A3537
Tributyrin Sigma Aldrich Cat#: W222322
DAPI Sigma Aldrich Cati#: D9542

Critical commercial assays

SYBR green PCR master mix

D-sorbitol colorimetric assay kit

Sorbitol Dehydrogenase assay kit (colorimetric)
DNeasy PowerSoil Pro Kits

NEBuilder® HiFi DNA Assembly Master Mix
QlAprep Spin Miniprep Kit

Q5 Hot Start 2x Master Mix

QIAquick PCR Purification Kit

MyTaq™ Red Mix

KAPA2G Robust HotStart PCR Kit

Qubit™ dsDNA HS and BR Assay Kits
Ampure XP

DNA clean-up kit

TOPO™ TA Cloning kit

EcoRI-HF

Sacl-HF

BamHI

Gibson Assembly Master Mix

Life Technologies
Biovision

LSBio

QIAGEN

New England Biolabs
New England Biolabs
New England Biolabs
QIAGEN

Meridian Bioscience
Roche

Invitrogen

Beckman Coulter
Zymo Research
Invitrogen

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs

Cat#: 4309155
Cati#: K631
Cat#: LS-K239
Cati#: 47016
Cat#: E2621
Cat#: 27106
Cat#: M0494S
Cat#: 28104
Cati: BIO-25043
Cat#: 07961057001
Cat#: Q32850
Cat#: A63882
Cat#: D4017
Cat#: K455001
Cat#: R3101
Cat#: R3156
Cat#:R1036
Cati#: E2611
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-pimonidazole monoclonal antibody MAb1 Hydroxyprobe Hypoxyprobe™-1 Kit,

Cyanine3-labeled goat anti-mouse IgG

Jackson ImmunoResearch

HP1-1000; lot 06242014
Cat#: 115-165-003; RRID:AB_2338680

Deposited data

Mouse feces 16s ribosomal RNA gene amplicon
sequencing data

Mouse feces shotgun metagenome sequencing data

Source code for the Shiny App visualizing the
shotgun metagenomic analysis

Shiny App visualizing the shotgun metagenomic analysis

NCBI Biosample

JGI IGM/M

https://github.com/connor-
reid-tiffany/Metagenomics-
of-Sorbitol-Intolerant-Mice

https://clostridia-enjoyer.

shinyapps.io/sorbitolIMetagenome

PRJNA892219

Taxon ID 3300051405
N/A

N/A

Experimental models: Organisms/strains

Mus musculus C57BL/6J
Mus musculus C57BL/6 Pparg™™Villin®*®'~
Mus musculus C57BL/6 Pparg ™"Villin='~

The Jackson Laboratory
Bred in house*’
Bred in house™®

Cat#: 000664
N/A
N/A

Oligonucleotides

5’-ACTCCTACGGGAGGCAGC-3’
5-GCTTCTTTAGTCAGGTACCGTCAT-3’
5’- TTCGRGACADKRGWGACAGGTGGT-3’
5’- TGGGATTTGCYTMSYCTCACGAS-3’
5’-GTGCCAGCMGCCGCGGTAA-3’
5’-GCCTCAAGGGCACAACCTCCAAG-3’

5’-CATTCATGGCCATATCAATGGAAT
TTCCTGCAACTGCTG -3’

Croswell et al.”®
Croswell et al.”®

This study

This study
Resendiz-Nava et al.”®
Resendiz-Nava et al.”®
This study

Clostridia: Forward
Clostridia: Reverse
Anaerostipes: Forward
Anaerostipes: Reverse
Enterobacterales: Forward
Enterobacterales: Reverse
sr/AEB_EcN_AB_F

5’- TCATTTTTTACATTGTTCTCTCCTTCAGG -3’ This study srIAEB_EcN_AB_R
5’- GAGAACAATGTAAAAAATGAATCAGGT This study srlAEB_EcN_CD_F
TGCCGTTGTCATCG -3’

5’-GGAATTCATGCAGTTCACTTTGA This study srlAEB_EcN_CD_R
GTCAGCCCGACGCCA-3’

5’-AAGTGAACTGCATGAATTC-3’ This study pRE_linear_F
5’-CATTGATATGGCCATGAATG-3’ This study pRE_linear_R
5’-TATCGATAAGCTTGATATCGGA This study srIAEB_pcomp_up_F
ATTTCCTGCAACTGCTG-3’

5’-GGTTCACCTTCTTTAAATCCGTCGATAGC-3’ This study srlAEB_pcomp_up_R
5’-GGATTTAAAGAAGGTGAACCCGCGGAGG-3’ This study srlIAEB_pcomp_down_F
5’-AGGGAACAAAAGCTGGAGCTGCG This study srlAEB_pcomp_down_R
CCTAAGGTTTGCCCAC-3’

Software and algorithms

Prism v8.0 GraphPad N/A

NEBuilder Assembly Tool https://nebuilder.neb.com/#!/ N/A

QIIME 1.8 Kuczynski et al.”” N/A

Trimmomatic v0.39 Bolger et al.”® N/A

DADA2 v1.18 Callahan et al.”® N/A

Phyloseq McMurdie and Holmes®® N/A

DESeq2 Love et al.” N/A

LEFSe galaxy server Segata et al.®” N/A

Clustal Omega Sievers and Higgins®® N/A

DEGEPRIME v1.1.0 Hugerth et al.®* N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Metaspades v3.15.2 Nurk et al.®® N/A

BBMap https://sourceforge.net/ N/A
projects/bbmap/

R package Omu v1.0.6 Tiffany and Baumler®® N/A

R package gplots v3.1.3 https://github.com/talgalili/gplots N/A

R package ggplot2 v3.3.6 https://ggplot2.tidyverse.org N/A

R package Shiny v 1.7.2 https://cran.r-project.org/web/ N/A
packages/shiny/

Other

Mouse 10 % Fat Diet Teklad Diet #TD110675

Mouse 45 % Fat Diet Teklad Diet #TD06415

Mouse 45 % Fat Diet with 5-ASA (0.125 %) Teklad Diet #TD 180827

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Prof. An-
dreas Baumler ajbaumler@ucdavis.edu

Materials availability
Reagents generated in this study are available, upon reasonable requests, with a completed material transfer agreement.

Data and code availability

Data: Raw sequencing reads for the 16S rRNA sequencing can be found on the NCBI: BioProject number [PRINA892219] and are
publicly available as of the date of publication. Reads for the shotgun metagenomic sequencing are publicly available as of the date of
publication at the JGI IGM/M: taxon ID 3300051405.

Code: Source code for the Shiny App visualizing the shotgun metagenomic analysis can be found at https://github.com/connor-
reid-tiffany/Metagenomics-of-Sorbitol-Intolerant-Mice, while the app itself is available at https://clostridia-enjoyer.shinyapps.io/
sorbitolMetagenome/

Additional information: Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse Models

The Institutional Animal Care and Use Committee at the University of California at Davis approved all animal experiments in his study.
Male C57BL6/J mice, aged 6 weeks were obtained from The Jackson Laboratory. C57BL/6 Pparg™™Villin®®~ and littermate Pparg
iillin~'— mice were generated at UC Davis by mating Pparg™™ mice with Villin®®~ mice (The Jackson Laboratory). Animals were
either fed a (sorbitol-free) 10 % control (LF) diet (Teklad Diet, #TD 11065) or (sorbitol-free) 45% fat (HF) diet (Teklad Diet, #TD06415)
from weaning at the age of 6 weeks until the end of the experiment.

For experiments using a model of antibiotic-induced transient sorbitol intolerance, mice were maintained on a sorbitol-free low-fat
diet and mock-treated or treated with single dose of 20 mg/animal streptomycin via oral gavage. One day or five days later, drinking
water was supplemented with 5 % (w/v) D-sorbitol (Sigma Aldrich) solution for three days. In some experiments, mice were orally
inoculated with different doses (between 10° and 10° cfu in a volume 100 pL) of A.caccae one day after streptomycin treatment.
In some experiments, mice were orally inoculated with different doses (between 10° and 10° cfu in a volume of 100 pL) of either
WT Escherichia coli strain Nissle 1917 or an isogenic strain deficient for sorbitol utilization (sr/AEB mutant) one day after streptomycin
treatment. After starting sorbitol supplementation in drinking water, body weights of mice were monitored daily, and the experiment
was terminated 2 days after starting sorbitol supplementation. Fecal colonization of bacteria was determined by homogenizing feces
in 1mL of sterile PBS, followed by serially diluting the samples and plating on LB plates containing appropriate antibiotics for E. coli.
The colonization levels of A. caccae and were ascertained using gqRT-PCR. For comparison, the colonization levels of E. coli were also
ascertained using gRT-PCR.

For experiments using a model of prolonged sorbitol intolerance, mice maintained on a sorbitol free low-fat or high fat diet for
14 days were mock-treated or treated with a single dose of 20 mg/animal streptomycin via oral gavage. After maintaining mice
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for four more weeks on the same diet, drinking water was supplemented with 5 % D-sorbitol solution for three days. For some ex-
periments, mice were inoculated with 10° cfu of Anaerostipes caccae, E. coli Nissle 1917 or Lactiplantibacillus plantarum strain
NCIMB8826-R in volume of 100 uL at the beginning of seven days of sorbitol exposure. After starting sorbitol supplementation in
drinking water, body weights of mice were monitored daily, and the experiment was terminated three or seven days after starting
sorbitol supplementation. For some experiments, mice received supplements of 5-aminosalicylic acid (5-ASA) at a dose of
1650 mg/kg/day (Teklad Diet, #TD 180827) mixed into high-fat diet chow or tributyrin (5 g/kg), administered via oral gavage over
a seven-day period. For 5-ASA prophylaxis, mice were maintained on a low-fat or a high-fat diet for 14 days and were mock-treated
or received a single dose of streptomycin (20 mg/mouse) via oral gavage, and high-fat diet chow was switched to a HF diet chow
supplemented with 5-ASA for the remainder of the experiment.

Bacterial strains and culture conditions

The E. coli strains used in this study were routinely grown in LB broth (BD Bioscience) or on LB plates. The L. plantarum strain was
grown in MRS (BD Bioscience) broth or on MRS plates. For animal experiments, bacterial cultures were grown overnight at 37°C in LB
broth or MRS broth under aerobic conditions. 0.1 mg/mL of carbenicillin or 0.05 mg/mL of kanamycin or 0.05 mg/mL of rifampicin
were added as required. For inoculating mice with different does of A. caccae, A. caccae strain was grown anaerobically in EG broth
for 48 hours and 10 ml of overnight culture were spun down and pelleted at 4°C, then resuspended to a final concentration between
1x10" and 10'° cfu/ml in fresh media.

Human studies

Banked fecal samples from a previous study were utilized to assess sorbitol dehydrogenase levels in human feces.”® The study con-
formed to the Declaration of Helsinki’s guidelines and received the necessary approvals from the Institutional Review Board of CHA
Bundang Medical Center (protocol number: 2016-06-055) and Yonsei University College of Medicine (protocol number: 4-2015-
0608). Subjects who met the ROME Il criteria for IBS were enrolled between June 2016 and July 2017 at the Department of Family
Medicine, CHAUM Hospital, Seoul, Korea. Healthy controls were recruited through advertisements and were required to complete a
questionnaire to ensure they did not have any gastrointestinal symptoms. To further classify IBS patients, calprotectin levels in feces
were determined using an ELISA. A questionnaire was used to determine intolerance to sugar-free foods or beverages, asking par-
ticipants, "Does consuming sugar-free food or drinks with substitute/artificial sugar exacerbate your gastrointestinal symptoms?"
Sorbitol dehydrogenase in feces was quantified using a sorbitol dehydrogenase assay kit, following the provided instructions.

METHOD DETAILS

Construction of E. coli Nissle 1917 AsrlAEB

A srlAEB mutant of E. coli Nissle 1917 was generated by allelic exchange. Approximately 500 bp upstream of srlA and 500 bp down-
stream of sriB (the flanking regions of the srTAEB operon) were amplified from genomic DNA using primers srIAEB_EcN_AB_F/R and
srlAEB_EcN_CD_F/R (key resources table), respectively. PCR using genomic DNA as the template was carried out using Q5 Hot Start
High-Fidelity 2X Master Mix (NEB) and amplification products were purified using the QIAquick PCR Purification Kit (Qiagen). The
suicide vector pRE112”" was linearized by PCR using the primers pRE_linear_F/R (key resources table). Primers used to amplify
the flanking regions were designed to allow assembly of amplification products together with linearized pRE112 using the NEBuilder
Assembly Tool (NEB). Linearized pRE112 and the ampilified flanking regions of the srlAEB operon were assembled into a circularized
plasmid using NEBuilder HiFi DNA Assembly Master Mix (NEB). Assembled candidate plasmids were transformed into E. coli strain
S17-1 Apir,%” screened for correct insert size by colony PCR using MyTaq Red Mix (Meridian Bioscience). Assembled candidate plas-
mids were visualized by agarose gel electrophoresis, extracted using the QlAprep Spin Miniprep Kit (Qiagen), and submitted to the
UC Davis DNA Sequencing Core for insert sequence verification. A clone with a sequence-verified insert was termed pAWLR80.

Plasmid pAWLR80 was conjugated into E. coli Nissle 1917 carrying the temperature-sensitive plasmid pSW17272 for counter se-
lection. Mating was performed overnight at 30°C and transconjugants were selected by plating on LB agar containing carbenicillin
and chloramphenicol. Sucrose selection was then performed on agar plates containing 8 g/L nutrient broth base (Difco) and 5 % su-
crose. Sucrose-resistant, chloramphenicol-sensitive clones were screened by colony PCR for the shortened allele of the srTAEB
operon. Plasmid pSW172 was cured from resulting sr/AEB deletion mutants by cultivating clones at 37°C and selecting for a carbe-
nicillin-sensitive clone, which was termed AWLR133. Plasmid pCAL617° was electroporated into AWLR133 to introduce a selectable
kanamycin marker.

Complementation of the sr/AEB genes was accomplished by cloning them into the low-copy vector pWSK29.”* The native pro-
moter of the genes was maintained in the expression construct. The NEBuilder Assembly Tool (New England Biolabs) web applica-
tion was used to generate primers for the amplification of the locus containing srlAEB, including 500 bp upstream of the sr/A start
codon, and 50 bp downstream of the sriB stop codon. To facilitate efficient amplification by PCR, the srlAEB locus was amplified
in two fragments of equal length using genomic DNA as the template with the primers srIAEB_pcomp_up_F, srlAEB_pcomp_up_R,
srlAEB_pcomp_down_F, and srIAEB_pcomp_down_R. Q5 Hot Start High-Fidelity 2X Master Mix (NEB) and amplification products
were purified using the QIAquick PCR Purification Kit (Qiagen). Linearization of pWSK29 was carried out by restriction-digestion us-
ing EcoRI-HF (New England Biolabs) and Sacl-HF (New England Biolabs). Linearized pWSK29 and the amplified sr/AEB fragments
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were assembled into a circularized plasmid using NEBuilder HiFi DNA Assembly Master Mix (NEB). Assembled candidate plasmids
were transformed into E. coli strain DH5a Apir,°° and screened for correct insert size by colony PCR using MyTag Red Mix (Meridian
Bioscience). Assembled candidate plasmids were extracted using the QlAprep Spin Miniprep Kit (Qiagen), and submitted to Genewiz
(Azenta Life Sciences) for whole plasmid sequencing. A sequence-verified clone was termed pAWLR169 and electroporated into
E. coli Nissle 1917 sIrAEB.

16S rRNA gene amplicon sequencing sample preparation, library preparation, and Sequencing

For 16S rRNA amplicon library preparation and sequencing, Primers 319F (TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
(spacer)GTACTCCTACGGGAGGCAGCAGT) and 806R(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG(spacer)CCGGAC
TACNVGGGTWTCTAAT) were used to amplify the V3-V4 domain of the 16S rRNA using a two-step PCR procedure. In step one
of the amplification procedures, both forward and reverse primers contained an lllumina tag sequence (bold), a variable length spacer
(no spacer, C, TC, or ATC for 319F; no spacer, G, TG, ATG for 806R) to increase diversity and improve the quality of the sequencing
run, a linker sequence (italicized), and the 16S target sequence (underlined). Each 25 ul PCR reaction contained 1 Unit Kapa2G
Robust Hot Start Polymerase (Kapa Biosystems), 1.5 mM MgCl,, 0.2 mM final concentration dNTP mix, 0.2 uM final concentration
of each primer and 1l of DNA for each sample. PCR conditions were; an initial incubation at 95°C for 3 min, followed by 25 cycles of
95°C for 45 seconds, 50°C for 30 seconds, 72°C for 30 seconds and a final extension of 72°C for 3 minutes. In step two, each sample
was barcoded with a unique forward and reverse barcode combination using forward primers (AATGATACGGCGACCACCGAG
ATCTACACNNNNNNNNTCGTCGGCAGCGTC) with an lllumina P5 adapter sequence (bold), a unique 8 nt barcode (N), a partial
matching sequence of the forward adapter used in step one (underlined), and reverse primers (CAAGCAGAAGACGGCATACGA
GATNNNNNNNNGTCTCGTGGGCTCGG) with an lllumina P7 adapter sequence (bold), unique 8 nt barcode (N), and a partial match-
ing sequence of the reverse adapter used in step one (underlined). The PCR reaction in step two contained 1 Unit Kapa2G Robust Hot
Start Polymerase (Kapa Biosystems), 1.5 mM MgCl,, 0.2 mM final concentration dNTP mix, 0.2 uM final concentration of each
uniquely barcoded primer and 1ul of the product from the PCR reaction in step one diluted at a 10:1 ratio in water. PCR conditions
were; an initial incubation at 95°C for 3 min, followed by 8 cycles of 95°C for 30 seconds, 58°C for 20 seconds, 72°C for 20 seconds
and a final extension of 72°C for 3 minutes. The final product was quantified on the Qubit instrument using the Qubit Broad Range
DNA kit (Invitrogen) and individual amplicons were pooled in equal concentrations. The pooled library was cleaned utilizing Ampure
XP beads (Beckman Coulter) then the band of interest was further subjected to isolation via gel electrophoresis on a 1.5 % Blue
Pippin HT gel (Sage Science). The library was quantified via gPCR followed by 300-bp paired-endvsequencing using an lllumina
MiSeq instrument in the Genome Center DNA Technologies Core, University of California, Davis.

16S rRNA gene amplicon sequencing analysis

Sequencing reads were demultiplexed using QIIME 1.8,”” and non-biological nucleotides were trimmed using Trimmomatic.”® 16S
rRNA sequencing reads were then processed and assembled into amplicon sequence variants (ASV) using dada2’® in R (https:/
www.R-project.org/). First, reads with more than 2 expected errors were removed. Dereplication and sample inferences were
then performed on forward and reverse reads, prior to merging. A sequence table was constructed from merged reads, and chimeric
reads were subsequently removed. Taxonomy was assigned to reads to the species level using the dada2 formatted rdp training
dataset 14 which can be found here: https://zenodo.org/record/158955#.XJqinxNKjUl. The R package phyloseq®® was then used
in downstream analysis of the data, including the generation of a phyloseq object, relative abundance bar plots. Relative abundance
boxplots were generated using ggplot2. For linear discriminant analysis, data transformed using the DESeq2®" median of ratios
method to account for differences in reads between samples, parsed, written to a tab separated text file, and then uploaded to
the LEfSe® galaxy server where the default statistical parameters were used in the analysis to generate LDA scores and the LDA
cladogram.

Shotgun Metagenome Data Analysis

Assembly, Annotation, and Binning

Metagenome QC and assembly was performed according to the workflow found in https://journals.asm.org/doi/10.1128/mSystems.
00804-20 (Clum et al.2”) with modifications for co-assembly to yield higher quality bins. Metaspades v3.15.2%° was used to create a
co-assembly. Once co-assembled, each of the sequencing FASTQ reads files from the individual samples were mapped to the co-
assembly contigs with BBMap. The contigs and coverage information were then submitted to IMG/M for annotation and binning
(Clum et al., 2021).

Generation of count matrices of genes

For the gene count matrices, a custom script was used to parse out the contig_ID, gene_start, gene_stop (gene positions on contig),
and gene_attributes data for each gene in the GFF files that were created during annotation. The custom script then parsed out the
contig_ID and read_start (read positions on contig) from each of the BBMap mapping files. For each mapping file, if the read_ start
position was within any gene_start and gene_stop positions in the GFF files, then the read was counted as mapping to that gene and
the gene attributes (cath_funfam, COG, EC, hypothetical, KO, pfam, SMART, superfamily, tigrfam, and/or tRNA IDs) from the GFF file
were tallied. All gene counts were derived using medium and high-quality bins.
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Clustering and Plots
Gene names and KEGG?® orthology brite hierarchy metadata were assigned using the R package omu.®® Heatmaps were con-
structed using the function heatmap.2 from the R package gplots. Read counts were normalized using the median of ratios method
in DESeq2, and then transformed using the function In(1+x) before clustering. The sample dendrogram was created using hierarchical
clustering on Euclidean distances calculated between sample vectors, with a complete linkage approach.

Bar plots of gene counts by taxonomic group were generated using the raw counts and the R package ggplot2. The following
R packages were used in order to develop the web application featuring the shotgun metagenomic data: shiny, bslib, shinywidgets,
ggplot2, officer, thematic, colourpicker, reshape2 (http://www.jstatsoft.org/v21/i12/.), RColorBrewer, gplots, gridextra, cowplot,
ggrepel, and ggplotify.

D-Sorbitol Measurements

To measure D-sorbitol levels in the murine cecum, cecal contents were homogenized in 1 mL of sterile PBS, centrifuged at 300 g
for 10 min at 4 °C, and then the supernatants were filtered through a 10-kDa spin column (Biovision). D-Sorbitol concentrations
were determined using a D-sorbitol assay kit (Biovision) according to the manufacturer’s instruction. Spike/Recovery assay was
performed for validating cecal contents in this assay and the calculated recovery range was 117.60 %.

Sorbitol Dehydrogenase Activity Measurements
To measure sorbitol dehydrogenase activity in the murine cecum, cecal contents were homogenized 1 mL of sterile PBS, centrifuged
at 300 g for 10 minutes at 4°C. Sorbitol Dehydrogenase activity was determined using a Sorbitol Dehydrogenase (SDH) Assay Kit
(LSBio) according to the manufacturer’s instructions.

Fecal water content
To measure the fecal water content, fecal pellets were collected and weighed. Then, fecal pellets were dried in a 50°C oven for
24 hours to remove water contents and were then weighed again. The percentage of water contents was calculated.

Determining bacterial absolute abundance using quantitative real-time PCR

For measuring absolute copy numbers of Clostridia, Enterobacterales, or Anaerostipes 16S rRNA genes in the feces, fecal DNA was
extracted using the DNeasy PowerSoil Pro kit (Qiagen) according to the manufacturer’s instructions. Real-time PCR was performed
using SYBR-Green (Applied Biosystems) and class-specific (for Clostridia),”® Enterobacterales-specific primers’® or genus-specific
(for Anaerostipes) primers (key resources table) at a final concentration of 0.25 mM. To create Genus specific primers to target
Anaerostipes spp., a custom script was written to gather all 16S genes from Anaerostipes isolates on the NCBI. Entrez direct was
used to gather accessions from all Anaerostipes isolates on NCBI into a text file which was then parsed using a custom script,
and NCBI datasets was then used to gather the genes associated with those accessions. A multiple sequence alignment was
then created using clustal omega.®® The alignment was then used to generate primers with the software DEGEPRIME,®* with a
degeneracy score of 56 and length of 24 as parameters. The forward and reverse primers were chosen from hypervariable region
7 of the 16S gene to avoid hybridization to other Lachnospiraceae bacteria. We downloaded all Clostridia genomes from the
NCBI, made a local BLAST database, and verified in silico that the primers do not hybridize to other Clostridia. In-sillico hybridization
from DEGEPRIME showed 98.3 % and 100 % hybridization across Anaerostipes 16S rRNA genes for the forward and reverse
primers, respectively. The amplicon generated by the primers has a length of 221 base pairs.

To generate plasmid standards, PCR was performed using a thermocycler with class-specific (for Clostridia) or genus-specific
(for Anaerostipes) primers (key resources table). The PCR was confirmed by gel electrophoresis, and the PCR product was then
purified using a DNA clean-up kit (Zymo Research) according to the standard kit protocol with no modifications. Following purifica-
tion, the PCR product was then ligated into a linear TOPO-TA cloning vector, using a TOPO-TA cloning kit (Invitrogen). After ligation,
the construct was transformed into chemically competent Escherichia coli TOP10 cells provided with the kit and cultured for
approximately 1 hour in LB broth at 37°C. The cells were then plated on LB Agar plates with X-Gal (5-Bromo-4-Chloro-3-Indolyl
B-D-Galactopyranoside) and Kanamycin to select colonies which kept the plasmid. A miniprep using a Qiaprep spin mini-prep kit
was performed on a pure liquid culture from a single colony isolate to extract plasmid DNA. The plasmid DNA product was then
linearized using the restriction enzyme BamHI (New England Biolab) according to manufacturer protocol. The linear plasmid DNA
was quantified using a nanodrop and diluted to create a stock standard with 10'° copies of the 16S rRNA amplicon insert for use
in gRT-PCR.

To calculate absolute copy numbers, a standard curve ranging from 10" to 10'° copies/mL of plasmid carrying a cloned 16S rRNA
gene diluted in a 0.02 mg/mL of yeast RNA (Sigma Aldrich) was generated.

In vitro measurement of sorbitol in E. coli culture supernatants

The in vitro utilization of sorbitol by E. coli strains was assessed using M9 minimal medium (12.8 g/L Na,HPO,4 7H,0, 3 g/L KH,POy,
0.5 g/L NaCl, and 1 g/L NH4Cl), supplemented with 1 mM MgSO,, 0.1 mM CaCl,, 0.1% casamino acids, and 0.5% (w/v) D-sorbitol.
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20 uL of an overnight culture of each E. coli strain containing 10'° CFU/mL were used to inoculate into 2 mL of M9 minimal medium
containing D-sorbitol. The cultures were then incubated at 37°C overnight. Sorbitol concentrations were quantified in the cell culture
supernatant using a D-sorbitol colorimetric assay kit.

In vitro growth assay of Clostridia strains

To determine the ability of A. caccae and E. asparagiforme to utilize sorbitol as a carbon source in vitro, no carbon defined media
(NCDM), which is a modified form of non-carbon minimal media®® supplemented with 5 % (v/v) ATCC Vitamin Supplement
(ATCC), 2 % (v/v) ATCC Trace Mineral Supplement (ATCC), Bacto Casamino acids (4.575 g/L) (ThermoFisher), cysteine
(400 mg/L) (Sigma-Aldrich), methionine (27 mg/L) (Sigma-Aldrich), alanine (72 mg/L) (Sigma-Aldrich), tryptophan (30 mg/L)
(Sigma-Aldrich) and Vitamin K2 (72 mg/L) (Sigma-Aldrich) was used. Glucose or D-sorbitol was used as a carbon source at a final
concentration of 0.5% (w/v). Individual strains were grown in the anaerobic chamber in 2 mL of NCDM containing glucose for 24
hours. Then, the culture was spun down at 12,500 rpm for 3 minutes and the pellets were resuspended in 750 pL of reduced sterile
PBS. 25 uL of resuspended pellet was inoculated into 2mL of NCDM containing glucose, D-sorbitol, or no added carbohydrates and
incubated at 37°C for 72 hours. The growth of bacteria was determined by serially diluting the cultures and plating on plates of EG.

Hypoxia staining and imaging

Mice were injected intraperitoneally with 100 mg/kg of pimonidazole HCI (Hypoxyprobe) in PBS sixty minutes before necropsy. The
staining procedure with the Hypoxyprobe kit was conducted as detailed in prior studies.?® Paraffin-embedded tissues were mounted
on slides and prepared for staining: they were treated with xylene twice for 10 minutes each and then with ethanol for 3 minutes in
sequences of 95 %, 80 %, and 70 %. Samples were treated with 20 mg/mL Proteinase K in TE buffer at 37°C for 15 minutes. Nonspe-
cific binding sites were blocked using serum at room temperature for an hour, followed by an overnight stain at 4°C using the mouse
IgG1 anti-PMDZ monoclonal antibody 4.3.11.3 (Hypoxyprobe). The slides were then subjected to a 90-minute stain at room temper-
ature with Cyanine3-labeled goat anti-mouse IgG (Jackson ImmunoResearch). Between each staining phase, slides were washed
thrice in PBS for 5 minutes each. After the final wash, slides were briefly air-dried and mounted using Shandon Immu-Mount (Thermo
Scientific). For imaging, the image numbers were randomized and blinded. Three representative images from each sample were
captured using a Carl Zeiss AxioVision microscope equipped with AxioVision 4.8.1 software (Zeiss) at 20X for scoring and 63X for
detailed imagery. Using Imaged (NIH), the Texas Red channel (linked to Cyanine3) was singled out. From each image, three repre-
sentative slices, each of the same size and containing the epithelial-lumen border, were saved. The Plot Profile for each slice was then
determined. After unblinding, PMDZ peaks from each image were aligned, and the profiles for the 9 slices associated with each
mouse were averaged, producing an average PMDZ Plot Profile and PMDZ Peak for every mouse.

Butyrate analysis

Approximately 100mg of cecal contents per mouse were collected in 200 uL PBS. Samples were vortexed to disrupt particulate matter
and then centrifuged at 6,000 g for 10 min to pellet any remaining debris. For each sample, 100 puL of supernatant was combined with
10 pL of a solution containing deuterated acetate, propionate, and butyrate so that each deuterated metabolite was at a final concen-
tration of 100 uM. Samples were dried without heat in a vacuum dryer and then stored at -80°C until use. Dried extracts were then
solubilized by sonication in 0.1 ml anhydrous pyridine and then incubated for 20 min at 80°C. An equal amount of N-tert-
butyldimethylsilyl-N-methyltrifluoroacetamide with 1% tert-butyldimethylchlorosilate (Sigma-Aldrich) was added, and the samples
were incubated for 1 h at 80°C. Samples were centrifuged at 20,000 g for 1 min to remove leftover particles. One hundred microliters
of the supernatant were transferred to an autosampler vial and analyzed by gas chromatography-mass spectrometry (Agilent 8890
Gas Chromatograph and Agilent 7000D Mass spectrometer). 1 uL of the sample was injected with a 1:50 spilit ratio at an injection tem-
perature of 250°C on an HP 5ms Ultra Inert (2x15-m-length, 0.25-mm diameter, 0.25 pm film thickness) fused silica capillary column.
Helium was used as the carrier gas with a constant flow of 1.2 mL/min. The gas chromatograph (GC) oven temperature started at 50°C
for 20 min, rising to 90°C at 10°C/min and holding for 1 min, then raised to 310°C at 40°C/min with a final hold for 2 min. The interface
was heated to 300°C. The ion source was used in electron ionization (El) mode (70 V, 150 pA, 200°C). The dwell time for selected ion
monitoring (SIM) events was 50 ms. Both acetate, propionate and butyrate were quantified using SIM. Efficient recovery of target me-
tabolites was determined using deuterated compounds as internal standards. Quantification was based on external standards
comprised of a series of dilutions of pure compounds, derivatized as described above at the same time as the samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Ratio’s (fold increases or percentages) were transformed logarithmically before analysis to normalize the data. Bacterial numbers
were transformed logarithmically before analysis. An unpaired Student’s t test (for comparing two groups) or one-way ANOVA fol-
lowed by Tukey’s multiple-comparison test (for comparing more than two groups) were used to determine the differences among
groups and two-way ANOVA followed by Tukey’s multiple-comparison test were performed to determine the differences among
the groups and period. To compare peak pimonidazole staining intensities, a Kruskal-Wallis test was performed. We performed
all statistical analyses using the GraphPad Prism 8.0 Software. Statistical significance was defined as P < 0.05.
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Microbiota profiling and metagenomic analysis

For linear discriminant analysis, data transformed using the DESeq2®' median of ratios method to account for differences in reads
between samples, parsed, written to a tab separated text file, and then uploaded to the LEfSe®? galaxy server where the default sta-
tistical parameters were used in the analysis to generate LDA scores and the LDA cladogram.

Differential gene abundances were calculated using DESeqg2 on reads normalized by the median of ratios method. A paired-sam-
ple wald test with a parametric fit was performed to obtain P values, which were then corrected to account for the false discovery rate
using the Benjamini-Hochberg procedure. A significance threshold of 0.05 on the FDR corrected P values was used to determine
significance. Confidence intervals were calculated using the following formula in R log,(fold-change) + gnorm(0.025)*IfcSE and
log,(fold-change) - gnorm(0.025)*1fcSE, for upper and lower bounds respectively, where logs(fold-change) is the log base 2 of the
fold change between groups, gnorm is a function to compute probabilities from known bounding values, and IfcSE is the log
fold change standard error calculated when performing the DESeg2 model. Volcano plots, dot plots, and confidence interval of
the logs(fold-change) plots were generated using the R package ggplot2 (https://ggplot2.tidyverse.org.)

ADDITIONAL RESOURCES
Description: URL

The web application (https://clostridia-enjoyer.shinyapps.io/sorbitolMetagenome/) allows interactive analysis of all KEGG orthology
pathways within our metagenomic dataset.
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Figure S1. Streptomycin treatment causes transient sorbitol intolerance, whereas high fat intake does not induce sorbitol intolerance in the
absence of antibiotic treatment, related to Figure 1

Mice fed a low-fat diet (10% fat) were mock-treated or treated with a single dose of streptomycin (Str) to generate sorbitol intolerance.

(A-E) Supplementation of drinking water with 5% sorbitol was started 1 day after streptomycin treatment (A and B) or at the indicated later time points after
streptomycin treatment (C-E). (A) Fecal water content was determined after 2 days of sorbitol supplementation. (B) Change in body weight was monitored over
time. Stars indicate significate decrease in weight compared with sorbitol only group. (C) Fecal water content was determined after 2 days of sorbitol supple-
mentation. (D) Change in body weight after the beginning of sorbitol supplementation was monitored over time. Stars indicate significate decrease in weight
compared with sorbitol only group. (E) The sorbitol concentration in cecal contents was measured by a colorimetric assay after 2 days of sorbitol
supplementation.

(F and G) Mice maintained on a low-fat (LF) diet or a high-fat (HF) diet for 14 days were mock-treated or received a single dose of streptomycin (Str) by oral gavage.
After maintaining mice for 4 more weeks on the same diet, mice received drinking water supplemented with 5% sorbitol for 3 days. (F) Water intake per cage was
determined for each group during the period of sorbitol supplementation. (G) Colon length was determined at necropsy.

(H-J) Mice maintained on a low-fat (LF) diet or a high-fat (HF) diet for 42 days received normal drinking water or drinking water supplemented with 5% sorbitol for
3 days. (H) Change in body weight was monitored during sorbitol supplementation. () Fecal water content was determined after 3 days of sorbitol supple-
mentation. (J) The sorbitol concentration in cecal contents was measured by a colorimetric assay after 3 days of sorbitol supplementation. (E and J) A gray dashed
line indicates the limit of detection (LOD). *p < 0.05; **p < 0.005; ***p < 0.001. p values were calculated by one-way ANOVA followed by Tukey’s multiple-
comparison tests (A, C, E-G, |, and J) or two-way ANOVA followed by Tukey’s multiple-comparison tests (B, D, and H). (B, D, and H) Error bars represent standard
deviation.
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Figure S2. Compositional and functional changes in the microbiota of mice with prolonged sorbitol intolerance, related to Figure 2

Mice were maintained on a low-fat (LF) diet or a high-fat (HF) diet for 14 days. Fecal samples were collected (LF or HF before Str), and mice were mock-treated or
received a single dose of streptomycin (Str) by oral gavage. After maintaining mice for 4 more weeks on the same diet, a second fecal sample was collected for
analysis (LF + 4 weeks or HF 4 weeks after Str).

(A) Schematic showing experimental groups and time points of sample collection.

(B) Relative abundance of taxa (class level) in fecal samples collected from individual mice at the indicated time points.

(C) Box blots show the relative abundance of amplicon sequence variants (ASVs) belonging to the class Bacilli. The boxplots represent the first to third quartiles,
and the line indicates the median value.

(D) The panel on the left shows the normalized abundance of sorbitol dehydrogenase or sorbitol-6-phosphate 2-dehydrogenase encoding sequences in samples
collected prior to streptomycin treatment (blue circles) or 4 weeks after streptomycin treatment (red circles). Each circle denotes data collected from one animal.
The panel on the right shows the 95% confidence interval for data displayed in the left panel.

(E) Abundance of genes encoding sorbitol dehydrogenase in samples collected prior to streptomycin treatment (HF before Str, left) or 4 weeks after streptomycin
treatment (HF 4 weeks after Str, right). Colors denote the taxa (order level) to which gene sequences were assigned. *p < 0.05; **p < 0.01. p values were calculated
by Kruskal-Wallis test (C) or by paired DESeq2 Wald test (E).
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Figure S3. A history of antibiotic treatment and high fat intake changes the abundance of genes involved in carbohydrate catabolism in the
fecal microbiota, related to Figure 2

Feces were collected from mice maintained on a high-fat (HF) diet for 14 days. Mice then received a single dose of streptomycin (Str) by oral gavage. After
maintaining mice on an HF diet for 4 more weeks, feces were collected for analysis. DNA isolated from fecal samples collected before streptomycin treatment (HF
before Str) and 4 weeks after streptomycin treatment (HF 4 weeks after Str) were subjected to metagenomic analysis. The graph shows a heatmap of changes in
the abundance of genes involved in carbohydrate catabolism. Colors indicate increased abundance (red) or reduced abundance (blue) of genes 4 weeks after
streptomycin treatment (HF 4 weeks after Str) compared with prior antibiotic exposure (HF before Str). Hierarchical clustering of samples is indicated above
the graph.
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Figure S4. A history of antibiotic treatment and high fat intake reduces the abundance of genes involved in polyol catabolism and butyrate

metabolism in the fecal microbiota, related to Figure 2

Feces were collected from mice maintained on a high-fat (HF) diet for 14 days. Mice then received a single dose of streptomycin (Str) by oral gavage. After
maintaining mice on an HF diet for 4 more weeks, feces were collected for analysis. DNA isolated from fecal samples collected before streptomycin treatment (HF
before Str) and 4 weeks after streptomycin treatment (HF 4 weeks after Str) were subjected to metagenomic analysis.
(A and B) The left panel shows the normalized abundance of genes encoding the indicated enzymes involved in polyol catabolism (A) or butyrate metabolism (B) in
samples collected prior to streptomycin treatment (blue circles) or 4 weeks after streptomycin treatment (red circles). Each circle denotes data collected from one

animal. The right panels show the 95% confidence interval for data displayed in the left panels. *p < 0.05 by paired DESeq2 Wald test.
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Figure S5. A history of antibiotic treatment and high fat intake reduce the abundance of genes involved in oxidative phosphorylation in the
fecal microbiota, related to Figure 2

Feces were collected from mice maintained on a high-fat (HF) diet for 14 days. Mice then received a single dose of streptomycin (Str) by oral gavage. After
maintaining mice on an HF diet for 4 more weeks, feces were collected for analysis. DNA isolated from fecal samples collected before streptomycin treatment (HF
before Str) and 4 weeks after streptomycin treatment (HF 4 weeks after Str) were subjected to metagenomic analysis.

(A) Volcano plot of genes involved in oxidative phosphorylation.

(B) Heatmap of changes in the abundance of genes involved in oxidative phosphorylation. Colors indicate increased abundance (red) or reduced abundance
(blue) of genes 4 weeks after streptomycin treatment (HF 4 weeks after Str) compared with prior antibiotic exposure (HF before Str).
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Figure S6. The ability to catabolize sorbitol is required by E. coli Nissle 1917 to protect against prolonged sorbitol intolerance, related to
Figure 4

Mice reared and maintained throughout the experiment on a low-fat (LF) or a high-fat (HF) diet were mock-treated or received a single dose of streptomycin (Str),
respectively. 4 weeks later, mice received drinking water supplemented with 5% sorbitol and were inoculated with 10° colony-forming units (CFUs) of E. coli
Nissle 1917 (EcN) or an E. coli Nissle 1917 srlAEB mutant (EcN srlABE).

(A) Colony-forming units (CFUs) of E. coli were determined in the feces.

(B) The sorbitol concentration in cecal contents was measured by a colorimetric assay.

(C) Fecal water content was determined in feces. *p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001. p values were calculated by Student’s t test (A) or one-way
ANOVA followed by Tukey’s multiple-comparison tests (B and C). A gray dashed line denotes the limit of detection (LOD).
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Figure S7. Butyrate and A. caccae restore epithelial hypoxia by stimulating epithelial PPAR-y signaling, related to Figure 6l

Pparg™Villin®"®~ mice (Pparg) or Pparg™Villin~'~ littermate control mice (WT) reared and maintained throughout the experiment on a low-fat (LF) or a high-fat
(HF) diet received a single dose of streptomycin (Str). 4 weeks later, mice received drinking water supplemented with 5% sorbitol and were inoculated
with A. caccae (AC) or received supplementation with or tributyrin (TB). Samples were collected after 7 days of sorbitol supplementation. Mice were injected
with pimonidazole before euthanasia. To stain hypoxic tissue, binding of pimonidazole (PMDZ) was detected using hypoxyprobe-1 primary antibody and a Cy-3
conjugated goat anti-mouse secondary antibody (red fluorescence) in sections of the colon that were counter stained with DAPI nuclear stain (blue fluorescence).

Representative images for each group are shown.
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