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Monocolonization of germ-free (GF) mice enables the study of specific bacterial species in vivo. Lactobacillus
acidophilus NCFM™ (NCFM) is a probiotic strain; however, many of the mechanisms behind its health-promoting effect
remain unknown. Here, we studied the effects of NCFM on the metabolome of jejunum, cecum, and colon of NCFM
monocolonized (MC) and GF mice using liquid chromatography coupled to mass-spectrometry (LC-MS). The study adds
to existing evidence that NCFM in vivo affects the bile acid signature of mice, in particular by deconjugation. Furthermore,
we confirmed that carbohydrate metabolism is affected by NCFM in the mouse intestine as especially the digestion of
oligosaccharides (penta- and tetrasaccharides) was increased in MC mice. Additionally, levels of a-tocopherol acetate
(vitamin E acetate) were higher in the intestine of GF mice than in MC mice, suggesting that NCFM affects the vitamin E
acetate metabolism. NCFM did not digest vitamin E acetate in vitro, suggesting that direct bacterial metabolism was not
the cause of the altered metabolome in vivo. Taken together, our results suggest that NCFM affects intestinal carbohydrate
metabolism, bile acid metabolism and vitamin E metabolism, although it remains to be investigated whether this effect

is unique to NCFM.

Introduction

To understand how the gut microbiota interacts with the
host, previous studies have compared the metabolome of germ-
free (GF) and conventionalized animals and found the gut
microbiota to affect the metabolome in multiple compartments.'
Among other things, the gut microbiota has been shown to affect
* and bile acid metabolism.?>¢
However, introducing a complex microbiota into GF animals

fat storage,® lipid metabolism,

does not allow for identification of separate effects of each
member of the microbiota on the metabolome. Another option
is monocolonization of GF animals, which enables the study of
the interaction of specific bacterial species with the host.”” One
bacterial species of significant interest is Lactobacillus acidophilus
NCFM™ (NCFM), a probiotic bacterium that has been used

commercially for more than 35 years.!” Human intervention

*Correspondence to: Tine R Licht; Email: trli@food.dtu.dk

studies with consumption of NCFM have suggested a number
of beneficial effects including improving mucosal integrity and
motility, as well as modulating host metabolism,'"'? while other
studies found no effects.”' It has been shown that NCFM can
1 adhere to human epithelial
cellsinvitro,"” induce production of theanti-inflammatory cytokine
IL-10 in dendritic cells, and regulate T cell functions.'® Analysis
of the genome of NCFM has revealed that NCFM encodes a large
variety of genes related to carbohydrate metabolism enabling it to

survive in the gastrointestinal tract,

utilize a broad range of carbohydrates that escape digestion in the
upper gastrointestinal tract including oligosaccharides.”

Bile acids are cholesterol-derived molecules, which are
synthesized in the liver and conjugated with either glycine or
taurine before they are secreted into the bile and small intestine.
In the small intestine, bile acids are modified by bacterial
enzymes promoting secondary bile acids through deconjugation,
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dehydrogenation, and dehydroxylation reactions.”® The genome
of NCFM contains two bile salt hydrolase genes,"” which in vitro
have been shown to deconjugate glycine- and taurine-conjugated
bile salts in a substrate specific manner.”” As most studies on
NCFEM have been performed in vitro,">'¢1-22
study the in vivo effect of NCFM on the metabolome of jejunum,
cecum, and colon by comparing NCFM monocolonized (MC)
mice with GF mice applying a non-targeted metabolomics

our objective was to

approach using liquid chromatography coupled to mass-
spectrometry (LC-MS).

Results

Effectof L. acidophilusNCFM on the intestinal metabolome

All samples were confirmed for absence of contamination,
and NCEM stably colonized the MC mice at approximately 10°
CFU/g of feces throughout the experiment. Luminal samples
differed in number of NCFM, gradually increasing from the
jejunum to colon with values of log  (colony forming unit +
standard deviation) of 7.7 + 0.7 in jejunum, 8.6 + 0.2 in cecum,
and 8.8 + 0.1 in colon. We analyzed the metabolome of luminal
content of jejunum, cecum, and colon by LC-MS in both negative
and positive ionization mode. Replicates were closely associated
in a principal component analysis (PCA) indicating a robust
method (data not shown). By PCA of the whole metabolome
of jejunum, cecum, colon we were able to separate the GF
and MC mice (Fig. S1). This was evident in both positive and
negative mode. From the multivariate analyses, it was evident
that presence of NCFM affected the metabolism throughout the
gut. Searching accurate masses of features of interest against the
METLIN,* HMDB,* and LIPIDMAPS* databases suggested
that the differing metabolites between GF and MC in the gut
compartments included bile acids, carbohydrates and vitamin E.

Effect of L. acidophilus NCFM on bile acid signatures

We detected anumber of bile acids in jejunum, cecum and colon
including unconjugated and conjugated (glycine and taurine) bile
acids of GF and MC mice (Fig. 1). A PCA score plot constructed
based on the bile acid data revealed that the bile acid composition
was site-specific, and affected by microbial colonization as the
GF and MC mice clustered separately, particularly in jejunum
(Fig. 1A), while less evident in cecum and colon (Fig. 1B). The
levels of taurine- and glycine-conjugated bile acids were similar in
GF and MC mice (Fig. 1C), while the MC mice had significantly
higher abundance of unconjugated bile acids in jejunum
(P < 0.01), cecum and colon (P < 0.05) compared with GE. In
addition, a tendency for reduced abundance of taurine conjugates
in MC compared with GF was observed in colon (P = 0.06).
The bile acid signatures of all samples were dominated by taurine
conjugates with taurocholic acid (TCA) and tauro-f3-muricholic
acid (TBMCA) as the most abundant taurine conjugates, while
taurochenodeoxycholic acid (TCDCA) and taurodeoxycholic
(TDCA) acid was found in less abundance (Fig. 1D). The bile
acid levels were generally higher in jejunum than in cecum and
colon. We detected mostly primary bile acids in GF as well as
MC mice. Only one secondary bile acid, TDCA, was measured
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in the mice. Comparison of the presence of individual bile acids
in GF and MC (Fig. 1D) revealed that the level of the conjugated
primary bile acid, TBMCA, was similar in jejunum, cecum, and
colon, while TCA was more abundant in colon of GF compared
with MC counterparts, suggesting increased absorption or
metabolism of this bile acid in the colon of MC mice. Oppositely,
the abundances of TCDCA were similar in GF and MC in
all three gut compartments. The level of unconjugated CA
was also increased in MC compared with GF in all three gut
compartments indicating increased deconjugation in the gut in
the presence of NCFM. The secondary bile acid, TDCA, was
less abundant in colon of MC compared with GF counterparts.
Glycocholic acid (GCA) was only measured in jejunum of both
MC and GF indicating that this bile acid species was absorbed
in jejunum. It should be noted that some of the minor bile acid
species present in the gut luminal samples may not have been
detected, as the analytical non-targeted LC-MS approach was
optimized to detect as many metabolites as possible and not
targeted specifically toward bile acids.

Effect of L. acidophilus NCFM on plant polysaccharide
metabolism

The metabolome data of the luminal samples in positive
ionization mode revealed five different metabolites with low
retention times that differed significantly between GF and
MC. These metabolites were classified as carbohydrates, as all
potential candidates from the METLIN database search were
carbohydrates (Appm < 1). The five metabolites were suggested
to be a pentasaccharide, a tetrasaccharide, a trisaccharide, a
disaccharide, and a monosaccharide (Table S1). The abundance
of the metabolites differed between MC and GF groups along
the intestinal tract, with the most pronounced differences
measured in cecum (Fig. 2). Levels of pentasaccharides and
tetrasaccharides were significantly lower in MC compared
with GF in all three gut compartments, indicating that these
metabolites were metabolized by NCFM. Additionally, levels of
all five carbohydrate metabolites differed significantly between
GF and MC in cecum and colon, where higher abundances were
observed in GF than in MC.

Effect of L. acidophilus NCFM on vitamin E absorption
and/or metabolism

Interestingly, the abundance (intensity) of a-tocopherol
acetate (vitamin E acetate) differed significantly between GF
and MC in cecum and colon (2 < 0.001), while in jejunum, this
difference was not statistically significant (P = 0.11) (Fig. 3).
a-tocopherol (vitamin E) was found in significantly higher levels
in jejunum of MC than in GF (£ < 0.01), whereas in cecum the
levels of a-tocopherol were significantly lower in MC compared
with GF (P < 0.01). a-tocopherol was not detected in colon.
In addition, the level of a-tocopherolquinone (oxidized form
of vitamin E) differed significantly in colon with higher levels
observed in GF than in MC (P < 0.001), and a similar trend
was observed in jejunum (P = 0.07). The observed differences
suggest increased metabolism and/or absorption of a-tocopherol
acetate and a-tocopherol throughout the gut in the presence
of NCFM. To investigate whether NCFM degraded vitamin E

acetate, we performed an in vitro digestion experiment where
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Figure 1. Bile acid signatures in jejunum, cecum, and colon of germ-free (GF) and monocolonized (MC) mice. (A) PCA score plot of bile acid signatures in
jejunum, cecum and colon of GF and MC mice. (B) PCA score plot of bile acid signatures in cecum and colon of GF and MC mice. (C) Total relative intensity
measurements of bile acids based on conjugation state in jejunum, cecum, and colon of GF and MC mice. (D) Intensity values for the measured bile
acids in jejunum, cecum, and colon of GF and MC mice. The color of the bar refers to the conjugation state of the bile acid; unconjugated bile acids (red),
taurine-conjugated bile acids (yellow), and glycine-conjugated bile acids (blue). Values are mean intensities + SEM measured using LC-MS in negative
ionization mode. Mann-Whitney t test vs. GF, * (P < 0.05), ** (P < 0.01). nd; not detected, CA, cholic acid; TCA, taurocholic acid; TBMCA, tauro-B-muricholic
acid; TCDCA, taurochenodeoxycholic acid; TDCA, taurodeoxycholic acid; GCA, glycocholic acid. See also Table S1.

NCFM was grown 24 h in medium containing vitamin E acetate.
Measurements of the level of vitamin E acetate and vitamin E by
LC-MS before (0 h) and after (24 h) fermentation revealed that
NCFM did not hydrolyze vitamin E acetate (Fig. S2).

Discussion
Here, we showed that the NCFM successfully colonized
germfree mice in numbers gradually increasing from the

jejunum to colon, thereby confirming the ability of NCFM to
survive and proliferate in the gut of rodents.”® The observed
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levels of NCFM in the intestine are similar to the levels found
in other studies with monocolonized mice.*?” A non-targeted
metabolomics approach revealed indisputably that the presence
of NCFM affected the gut metabolome (Fig. S1). This was in
accordance with previous studies comparing GF rodents with
conventionalized rodents, showing that the presence of a gut
microbiota affects the metabolome in the gut."*** Comparing
the metabolome of the intestinal samples from GF and MC mice
by PCA, we found that the differing metabolites were mainly bile
acids, carbohydrates, and vitamin E.

We identified a selection of bile acids, which we compared
between intestinal sites and between the GF and MC mice.
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Generally, the bile acid signature was site-specific with higher
bile acid amounts measured in jejunum than in cecum and colon
(Fig. 1), which is in accordance with the fact that most of the
bile acids (95% in humans) are reabsorbed by active transport
in the distal ileum.” A similar site-specific bile acid signature
has been observed in other studies.?’ In all intestinal samples we
found taurine conjugated bile acids to be most abundant, which
is in agreement with previous reports.>> Also, the predominance
of TCA and TBMCA in jejunum of mice observed in the present
study is confirmed by other studies.”® Comparing the bile acid
signature of GF and MC mice revealed similar levels of taurine and
glycine conjugated bile acids, but significantly higher amounts
of unconjugated bile acids in MC than in GF mice in all three
gut compartments. The increased abundance of unconjugated
CA observed in MC mice supports that NCFM has the ability
to deconjugate bile acids, as previously shown in vitro."” It has
been suggested that probiotic bacteria reduce secondary bile acid
formation in the human colon by sequestering bile acids,”® and
here we observed a difference in the colonic level of the secondary
bile acid, TDCA, when comparing GF and MC. However, it
cannot be excluded that the changed bile acid signature in MC
was caused by a general response to the colonization and not
induced by species-specific bile salt metabolism in the host.
The monocolonization with NCFM did not induce the same
drastic changes in the bile acid composition as observed after
introduction of a complex microbiota.>’ Nevertheless, we found
that presence of a single bacterial species does indeed affect the
abundance of specific bile acids, which might in turn affect the
metabolism of the host, as bile acids lately have been recognized
as important signal molecules regulating biosynthetic and
metabolic pathways through activation of nuclear receptors, such
as farnesoid X receptor (FXR), the G protein-coupled receptor
TGRS, and the pregnane X receptor (PXR) in intestine and
liver.33!

The carbohydrate metabolism was found to be affected by the
presence of NCFM (Fig. 2), which is consistent with the fact
that NCFM is known to encode a large variety of genes related
to carbohydrate metabolism.” The largest differences between
GF and MC mice in terms of carbohydrate metabolism were
observed in cecum and colon, which is in agreement with the
fact that mice are well-known to be cecal fermenters.*> Notably,
the levels of penta- and tetrasaccharides differed significantly
in all gut compartments between GF and MC mice, suggesting
that these metabolites represented carbohydrates that were
indigestible by the host enzymes, and therefore accumulated in
the cecum and colon of GF mice. NCFM is capable of utilizing
a variety of complex carbohydrates that escape digestion such as
raffinose and fructooligosaccharides.””*"%

Increased metabolism and/or absorption of a-tocopherol
acetate (vitamin E acetate) was observed in MC mice as compared
with GF mice (Fig. 3). This has to our knowledge not previously
been reported. a-tocopherol acetate is a chemically stable form
of a-tocopherol used as a nutritional vitamin E supplement, and
known to be present in the fortified chow fed to mice in this study.
Before uptake into intestinal epithelial cells, dietary a-tocopherol
is directly solubilized into mixed micelles by bile acids and lipids,

www.landesbioscience.com

A Jejunum
3.0x10°+
] GF
l vc
> 20x10°;
£ *
c r—
2
f=
= 1.0x10°4
dekk
= (! |
em!| B[ NN
& & & & &
& & & &5 &
> > L > 3
& P & @ i
0& «0‘6 < < éo“
4
B Cecum
3.0x10°+
= [ o
™  vc
> 20x10°;
‘0 kK
5 dekk —
e ~—
[=
= 1.0x1084 ..
| p—]
dekek
| | | p—|
0 T M r i T - T -_:_—.
\60 \0 ‘\0 ‘\0 ‘\0
L O S O $
2 a Q' Q' a
060 0‘}\ 0‘}\ 0‘}\ 0‘}\
2 &L s & &
DA
4
C Colon
3.0x10°+
] GF
5 . Il vc
> 20x10°; —_—
7]
c
2
£ 1.0x10°4 o —_—
(9 0‘}\ (9
2 &P 2 <& &
0&’0 «0.60 &‘\ 0\ éo“o
4

Figure 2. Intensity values for five measured saccharides in germ-free
(GF) and monocolonized (MC) mice in (A) jejunum, (B) cecum, and
(C) colon. Values are mean intensities + SEM measured using LC-MS in
positive ionization mode. Stars indicate significant differences; * (P <
0.05), ** (P < 0.01), *** (P < 0.001).

whereas the a-tocopherol acetate requires hydrolysis prior to
micellar solubilization and enterocyte uptake.** Vitamin E uptake
in humans is characterized by a large inter-individual difference,”
and the molecular mechanism behind the absorption of vitamin
E remains unresolved.*® The large inter-individual difference

in vitamin E absorption has previously been suggested to be

Gut Microbes 299
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Figure 3. Intensity values for the measured (A) a-tocopherol acetate, (B) a-tocopherol, and (C) a-tocopherolquinone in jejunum, cecum, and colon
of germ-free (GF) and monocolonized (MC) mice. Values are mean intensities + SEM measured by LC-MS in positive ionization mode. Stars indicate
significant differences; * P < 0.05, ** P < 0.01, *** P < 0.001. nd, not detected.

affected by gut permeability,” availability of dietary fat,?® as well
as by a pancreatic bile acid dependent carboxyl ester lipase (CEL)
responsible for hydroxylation of tocopheryl esters.*” Given that
the gut microbiota affects gut permeability,” lipid metabolism,?
and bile acid composition,>>® we suggest that the gut microbiota
plays an important role for vitamin E absorption. Consistently,
a previous report showed that the uptake of a-tocopherol was
increased upon antibiotic administration to broilers leading to
a changed gut microbiota and changed bile acid signature.?
Here, we showed that NCFM did not digest vitamin E acetate
(Fig. S2), which is in line with other studies showing that
ruminal microorganisms are not able to degrade vitamin E.**%
We therefore propose that NCEM influenced the vitamin E
absorption in MC mice by affecting lipid emulsification and/
or activation of lipolytic enzymes by changing the lipid and bile
acid profiles. MC animals displayed an increased level of CA,
which in vitro has been shown to be a very effective activator of
CEL responsible for hydrolysis of a-tocopherol acetate prior to
absorption.* This lipase is also found in mice and has previously
been suggested to facilitate intestinal absorption of fat-soluble
vitamins.” This suggests that the increased deconjugation of bile
acids by NCFM could lead to increased activity of CEL, thereby
increasing the conversion of a-tocopherol acetate to a-tocopherol
leading to increased uptake of vitamin E in the MC mice (Fig. 4).
However, it cannot be excluded that the mere presence of
bacteria may alter host expression of pancreatic enzymes thereby
changing the metabolism. A study in rats found that most of the
absorption of a-tocopherol took place in the medial portion of
the small bowel, assumed to be the ileum,* which might explain
why we observed a lower amount of a-tocopherol in cecum
of MC mice compared with GF mice. The decreased level of
a-tocopherolquinone, which is a major product of oxidation of
a-tocopherol,”” observed in MC mice compared with GF mice
could either be due to increased uptake of a-tocopherol in MC
mice, or to a more anaerobic environment in the gut resulting
from colonization of NCFM.

Taken together, our data show that colonization of GF mice
with NCFM alters the intestinal metabolome by modifying the
bile acid signature, affecting the carbohydrate and affecting
the vitamin E absorption and/or metabolism. This confirms
that intestinal bacteria affect the bile acid signature and further
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suggests that the gut microbiota may be an important factor in
vitamin E absorption, as the observed effect may not be unique
to NCEM. The possible link between the gut microbiota, bile
acids, and vitamin E absorption should be further explored in
other studies, as the perspectives for human and animal health
are of significance.’®%

Materials and Methods

Lactobacillus acidophilus NCFM inoculation preparation

Lactobacillus acidophilus NCFM™ was kindly provided by
Danisco A/S (DuPont). The strain was grown anaerobically at
37 °C for 24 h in de Man, Rogosa, and Sharpe (MRS) broth
(Oxoid Ltd). After centrifugation at 3000 g for 15 min, pellets
were washed and resuspended in a sterile saline supplement with
0.1% peptone. Final concentration of the NCFM cells in the
inoculum was around 6.3 * 10° CFU/ml.

Animal handling and sample collection

The animal studies were conducted according to the
Federation of European Laboratory Animal Science Associations
(FELASA) and Danish legislation. Germfree Swiss Webster
mice, bred at the National Food Institute (Technical University
of Denmark), were originally obtained from Taconic (Lille
Skensved, Denmark) and kept in sterile isolators under a strict
12 h light cycle. Animals were maintained on <y-ray-irradiated
Altromin-1320 fortified chow (Altromin Spezialfutter GmbH
and Co) ad libicum. Absence of colonizing bacteria in GF mice
was controlled by cultivation of fecal samples twice a week
throughout the whole study. One group of 5 male mice at age
of 5 wk was kept germfree (GF) and one group of 5 male mice
at age of 5 wk was monocolonized (MC) with a single dose of
200 pL NCFM inoculum, prepared as described above, resulting
in around 10° viable bacteria per dosage. After colonization,
fecal samples obtained from the MC mice were cultivated twice
a week as described below in order to evaluate the efficiency of
the NCFM colonization and stabilization in the gastrointestinal
tract. All mice were anesthetized by fentanyl and/or fluniasone
(Hypnorm; Janssen Animal Health) and midazolam (Dormicum;
Roche) and euthanized by decapitation at 8 wk of age. After
termination, internal content (lumen) of the jejunum, cecum and
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be taken up by enterocytes through micelles. GF, germ-free; MC, monocolonized; nd, not detected.

colon were collected, snap-frozen in liquid nitrogen and kept at
-80 °C until further use.

Enumeration of bacteria

Fecal samples from both groups of mice and luminal samples
from jejunum, cecum and colon of the MC mice were suspended
in sterile saline supplemented with 0.1% of peptone. NCFM of
all fecal and luminal samples were counted on MRS agar (Oxoid
Ltd) after anaerobic incubation at 37 °C for 48 h. Additionally,
fecal samples collected twice a week and all luminal samples
were screened for absence of contamination by plating on Luria-
Bertani (LB; Oxoid Ltd) agar incubated at 37 °C for 48 h under
aerobic and anaerobic atmosphere.

Preparation of extracts

All samples were defrosted on wet ice and kept cold throughout
all procedures. Intestinal lumen samples were weighed and
homogenized by grinding in glass tubes while kept on ice. 500
KL of cold 80% methanol (Fluka, Sigma-Aldrich) was added to
the samples, which were then vortexed for 1 min and centrifuged
at 4000 g for 5 min at 4 °C. Methanol and/or water extracts were
removed. This procedure was performed three times and extracts
were combined in one tube and stored at -20 °C until further use.
Subsequently, methanol and/or water extracts were lyophilized
in 12L Labconco Freeze Dryer (Labconco Corporation). Prior
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to freeze-drying, the concentration of methanol was lowered
below 15% by adding cold MQ water. Dried extracts were kept at
-20 °C until LC-MS analysis.

Metabolomics profiling with LC-MS

The extracts were resolubilized in 5% acetonitrile (Fluka,
Sigma-Aldrich) adjusting for original weight, ultrasonicated for
10 min at 4 °C and centrifuged at 10 000 g for 7 min at 4 °C.
The supernatants were removed and analyzed by LC-MS using
a Dionex Ultimate 3000 RS liquid chromatograph (Dionex)
coupled to a Bruker maXis time of flight mass spectrometer
equipped with an electrospray interphase (Bruker Daltonics).
Analytes were separated on a Kinetex pentafluorophenyl column
100 x 2.10 mm, 2.6 pm, 100 A (Phenomenex), using the solvent
system: A (5 mM ammonium formate with 0.1% formic acid;
both from Fluka, Sigma-Aldrich), and B (acetonitrile, Fluka,
Sigma-Aldrich, with 0.1% formic acid). Solvent programming
was isocratic 0% B for 2 min followed by 5% at 5 min, then
linear gradient up to 100% B at 10 min and 100% B isocratic
until 12 min. The solvent composition was returned to initial
conditions at 12.1 min and recalibrated to 14 min. Flow rate was
0.3 ml/min. The oven temperature was 40 °C. Injection volumes
were 3 wL. The following electrospray interphase settings were
used: Nebulizer pressure 2 bar, drying gas 10 L/min, 200 °C,
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capillary voltage 4500 V. Scan range was from 100-1000 mass/
charge (m/z). Samples were analyzed in both positive and
negative mode. External and internal calibration was done using
sodium formate clusters (Sigma-Aldrich). Lock-mass calibration
(hexakis(1H,1H,2H-perfluoroetoxy) phosphazene, Apollo
Scientific) was applied in order to lower the measurement error.

In vitro digestion of vitamin E acetate

Minimal medium was prepared as previously described,*
adjusted to pH 7 with sterile solutions of HCland NaOH, and 0.5%
(vol./vol.) 2uM a-tocopherolacetate (vitamin E acetate) wasadded
to the medium. Fermentation tests were performed as previously
described.? Shortly, medium containing a-tocopherol acetate,
obtained from Sigma-Aldrich, was inoculated with 1% (vol./vol.)
of an overnight culture of NCFM grown in minimal medium
under anaerobic conditions at 37 °C. As a negative control, sterile
minimal medium was added (1% vol./vol.) to the fermentation
medium instead of the overnight culture. As positive control,
cholesterol ester hydrolase (CEH, specific activity 35 U/mg)
from porcine pancreas obtained from Sigma-Aldrich was diluted
in 0.IM phosphate buffer and added (1% vol./vol., CEH
concentration of 2 U/mL) to the fermentation medium, as CEH
is known to hydrolyze a-tocopherol acetate into a-tocopherol.”’
Inoculation with NCFM, minimal medium (negative control),
and CEH (positive control) was performed in triplicates. After 0 h
and 24 h of fermentation, 100 pl of sample was quenched with
100 pl cold 50% methanol (Fluka, Sigma-Aldrich), incubated
for 10 min at 4 °C, and spun down at 13 000 g for 5 min at
4 °C. Subsequently, 180 pl of the supernatant was transferred
to another tube and stored at -80 °C until LC-MS analysis.
The abundances of a-tocopherol acetate and a-tocopherol were
measured in all fermentation samples by MS in positive mode
using the same system as described above with the following
adjustments: A SB-C8 column 100 x 2.10 mm, 2.7 pm, 120 A
(Agilent Technologies) was used to allow better separation of
vitamin E acetate and minimal medium ingredients. Solvent
programming started at 50% B with a linear gradient up to
95% B at 10 min, and 95% B isocratic until 12 min. The solvent
composition was returned to initial conditions at 12.1 min and
recalibrated to 15 min. Flow rate was 0.4 ml/min. The oven
temperature was 50 °C. Injection volumes were 2 L.

Data analysis and statistics

The raw LC-MS data were converted to mzXML files using
CompassXport software (Bruker Daltonics) and were then pre-
processed through noise filtering, peak detection, and alignment
using R package XCMS (v.1.36.0)%' before multivariate statistical
analysis. Data tables were generated comprising m/z, retention
time, and intensity (peak area) for each variable in every sample,
which were imported into LatentiX (version 2.11) (Latent5)
for further multivariate analysis. Principal component analysis
(PCA) was performed on all mean-centered data. Intensity values
are expressed as mean + SEM. Significant differences between
two groups were evaluated with a two-tailed, unpaired # test or
Mann-Whitney U test if variances were significantly different.
Accurate masses of features of interest were searched against
the METLIN,? HMDB,* and LIPID MAPS® databases.
The identity of bile acids, a-tocopherol, a-tocopherol acetate,
and a-tocopherolquinone was confirmed by LC-MS/MS in
negative and positive ionization mode of authentic compounds
giving the retention time and m/z of these metabolites, which
was manually compared with the initial analysis. Authentic
compounds (cholic acid, taurocholic acid, taurochenodeoxycholic
acid, taurodeoxycholic acid, glycocholic acid, a-tocopherol,
a-tocopherol acetate, and o-tocopherolquinone) were obtained
from Sigma-Aldrich. Retention times and masses of identified
metabolites are presented in Table S1.
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