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Faecalibacterium prausnitzii, a major commensal bacterium in the human gut, is well
known for its anti-inflammatory effects, which improve host intestinal health. Although
several studies have reported that inulin, a well-known prebiotic, increases the abundance
of F. prausnitziiin the intestine, the mechanism underlying this effect remains unclear. In this
study, we applied liquid chromatography tandem mass spectrometry (LC-MS/MS)-based
multiomics approaches to identify biological and enzymatic mechanisms of F. prausnitzii
involved in the selective digestion of inulin. First, to determine the preference for dietary
carbohydrates, we compared the growth of F. prausnitzii in several carbon sources and
observed selective growth in inulin. In addition, an LC-MS/MS-based intracellular
proteomic and metabolic profiing was performed to determine the quantitative
changes in specific proteins and metabolites of F. prausnitzii when grown on inulin.
Interestingly, proteomic analysis revealed that the putative proteins involved in inulin-type
fructan utilization by F. prausnitzii, particularly p-fructosidase and amylosucrase were
upregulated in the presence of inulin. To investigate the function of these proteins, we
overexpressed bffA and ams, genes encoding p-fructosidase and amylosucrase,
respectively, in Escherichia coli, and observed their ability to degrade fructan. In
addition, the enzyme activity assay demonstrated that intracellular fructan hydrolases
degrade the inulin-type fructans taken up by fructan ATP-binding cassette transporters.
Furthermore, we showed that the fructose uptake activity of F. prausnitzii was enhanced by
the fructose phosphotransferase system transporter when inulin was used as a carbon
source. Intracellular metabolomic analysis indicated that F. prausnitzii could use fructose,
the product of inulin-type fructan degradation, as an energy source for inulin utilization.
Taken together, this study provided molecular insights regarding the metabolism of F.
prauznitzii for inulin, which stimulates the growth and activity of the beneficial bacterium in
the intestine.

Keywords: Faecalibacterium prausnitzii, inulin, prebiotics, LC-MS/MS, beta-fructosidase, amylosucrase, ABC
transporter, PTS transporter
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INTRODUCTION

In the human gastrointestinal tract (GI), there is a complex and
dense microbial community that maintains a symbiotic
relationship with the host (Backhed et al., 2005; Eckburg et al.,
2005; El Kaoutari et al., 2013). It degrades monosaccharides and
dietary carbohydrates, which are resistant to human digestive
enzymes and ferments them into short-chain fatty acids (SCFAs)
(Flint et al., 2012; Nyangale et al., 2012). Among the microbial-
derived SCFAs, butyrate acts as an energy source for colonocytes
and plays an important role in regulating intestinal health and
host immune system by providing anti-carcinogenic, anti-
inflammatory, and barrier protection in the intestine
(Roediger, 1980; Hamer et al., 2008; Fung et al, 2012; Wang
et al, 2012). Recently, based on the correlation between host
health and fermentation metabolites produced by beneficial gut
bacteria, there is a growing interest in intentionally increasing the
proportion of butyrate-producing bacteria in the gut.
Faecalibacterium prausnitzii, a member of Clostridium cluster
IV in Bacillota (previously known as Firmicutes), is one of the
major butyrate-producing bacteria in the intestine (Miquel et al.,
2013; Oren and Garrity, 2021). It has recently emerged as a
potential next-generation probiotic that plays an important role
in regulating intestinal inflammatory responses and maintaining
host gut health (Walker et al, 2011; O’Toole et al, 2017). F.
prausnitzii is one of the most abundant microbial species,
accounting for approximately 5-15% of the human gut
microbiota and is less abundant in the intestines of individuals
suffering from irritable bowel syndrome, obesity, type 2 diabetes,
and inflammatory bowel diseases such as ulcerative colitis, and
Crohn’s disease (Jia et al., 2010; Willing et al., 2010; Joossens et al.,
2011; Miquel et al., 2013; Miquel et al., 2014; Lopez-Siles et al.,
2016). In addition, regulating the intestinal proportion of
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F. prausnitzii is expected to alleviate or treat these diseases.
The bacterium has been reported to reduce the severity of
intestinal inflammation through anti-inflammatory metabolites
in a colitis mouse model (Sokol et al., 2008; Martin et al., 2015;
Miquel et al., 2015). However, several constraints need to be
addressed prior to commercialization, such as the need to
minimize contact with external oxygen since F. prausnitzii, an
obligate anaerobe, loses viability within 2 min of exposure to
ambient air (Duncan et al., 2002; Khan et al., 2014). Therefore, to
increase the abundance and activity of F. prausnitzii in the
intestine, a dietary carbohydrate that can selectively stimulate
the metabolic activity and proliferation of F. prausnitzii is
required.

Prebiotics are nutrients that are not digested by the human
gastrointestinal tract, but can improve human health by
selectively stimulating the growth and activity of the gut
microbiota (Gibson and Roberfroid, 1995). Inulin is one of the
most widely used prebiotics as a component of food and
nutritional supplements. It consists of P-2,1-linked fructosyl
residues with an a-1,2-linked glucose terminus and has a
linear structure with a degree of polymerization (DP) of 2-60
(Roberfroid and Delzenne, 1998; Roberfroid, 2005). An in vitro
study has demonstrated the degradation of inulin by F.
prausnitzii, and ingestion of a diet containing inulin-type
fructan increased the abundance of F. prausnitzii in the
human gut (Duncan et al, 2002; Ramirez-Farias et al., 2008;
Dewulf et al., 2013; Moens and De Vuyst, 2017). Furthermore,
increased butyrate production by consuming an inulin-rich diet
has been observed in a mouse model, and increasing evidence
support the effect of inulin on intestinal health in various in vivo
models (Campbell et al., 1997; Koleva et al., 2012; Holscher et al.,
2014). However, despite considerable interest in the role of F.
prausnitzii as an efficient degrader of inulin and the subsequent
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FIGURE 1 | The growth analysis of butyrate-producing bacteria (A) F. prausnitzii (B) E. rectale (C) R. hominis and (D) R. intestinalis cultured in mYCFA
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effect on improving intestinal health, molecular-level studies to
determine the mechanisms whereby F. prausnitzii utilizes dietary
inulin and undergoes physiological changes are still insufficient.

In this study, integrative multiomics analysis was performed
on proteins and metabolites, to identify the biological mechanism
involved in the selective digestion of inulin in the intestine by F.
prausnitzii. To investigate molecular-level cellular metabolic
changes using multiomics approaches, we used F. prausnitzii
strain A2-165, whose complete genome sequence has already
been well reported (Miquel et al., 2013; Fitzgerald et al., 2018;
Ueda et al.,, 2021). First, to confirm the preference for dietary
carbohydrates in F. prausnitzii, we compared the growth of the
bacterium in the presence of several carbon sources and
confirmed significant growth in inulin. In addition, liquid
chromatography with tandem mass spectrometry (LC-MS/
MS)-based intracellular proteome analysis was performed to
determine quantitative changes in the protein content of F.
prausnitzii during growth on inulin as the sole carbon source.
The results showed that the proteins involved in inulin
degradation and intracellular transport were upregulated, and
fructan hydrolysis enzymes, B-fructosidase and amylosucrase,
were significantly upregulated. Expression levels of the genes
encoding these two enzymes were determined using quantitative
real time polymerase chain reaction (QRT-PCR). The activity of
the enzymes against inulin and sucrose degradation was
demonstrated by overexpression in Escherichia coli. Analysis of
enzyme activity and subcellular location showed that fructan
hydrolases are cytoplasmic enzymes that degrade the inulin-type
fructan taken up by the fructan ATP-binding cassette (ABC)
transporters, which are upregulated in proteomic data. In
addition, upregulation of the fructose phosphotransferase
system (PTS) transporter, which transports fructose into cells,
indicates that F. prausnitzii can also enhance the uptake fructose
through metabolism.  Furthermore, intracellular
metabolome analysis demonstrated that F. prausnitzii used
fructose, the final degradation product of inulin-type fructan,
as an efficient energy source during the inulin utilization process.
In this study, we characterized the functional roles of proteins
upregulated in inulin metabolism by F. prausnitzii on a molecular
scale; based on these data, we were able to outline a model in
which F. prausnitzii utilizes inulin in the intestinal ecosystem.
Finally, understanding these metabolic pathways is expected to
provide evidence for the development of targeted prebiotics for
enhancing intestinal microorganisms classified as beneficial
bacteria.

inulin

MATERIALS AND METHODS

Bacterial Strain and Culture Condition

The bacterial strains used in this study were F. prausnitzii A2-165
(DSM 17677), Eubacterium rectale (KCTC 5835), Roseburia
hominis (KCTC 5845), and Roseburia intestinalis (KCTC
15746). F. prausnitzii A2-165 (DSM 17677) was purchased
from German collection of microorganisms and cell cultures
(DSMZ, Braunschweig, Germany) and cultured in modified
YCFA medium, hereafter referred to as mYCFA medium. All
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FIGURE 2 | Comparison of butyrate productivity of F. prausnitzii grown
in mYCFA supplemented with either glucose, inulin, fructose, or sucrose. All
experiments were performed in triplicates for each experiment.

components were added as the referenced method, but the final
concentration of short-chain fatty acids (SCFA) in the medium
was modified (Duncan et al., 2002). 30 mM of acetic acid,
sterilized by syringe filter (PVDF, pore size 0.45um,
JETbiofil), was added to the sterilized medium. If 5 g/L glucose
(Sigma-Aldrich, MO, United States) was supplemented as a
carbon source, hereafter referred to as mYCFAG.

F. prausnitzii was cultured on mYCFA agar and a preculture
was prepared by inoculating single colony of F. prausnitzii in 5 ml
of mYCFAG broth. Precultured F. prausnitzii was diluted in
30 ml of fresh mYCFAG broth to an initial optical density of
0.05at 600 nm and cultured in 37°C anaerobic chamber (Coy
Laboratory Products, MI, United States) containing 86% N, 7%
CO, and 7% H,. Optical densities were measured by an UV
spectrophotometry ~ (Thermo  Fisher  Scientific, MA,
United States). To culture F. prausnitzii in mYCFA containing
a carbohydrate source, 300 pL in the mid-log phase cultured in
mYCFAG medium was inoculated in the 30 ml of mYCFA
containing a carbohydrate source at 0.3% (w/v) final
concentration. Glucose (Sigma-Aldrich, MO, United States),
inulin (Megazyme, IL, United States), amylopectin (Sigma-
Aldrich, MO, United States), arabinan (Megazyme, IL,
United  States),  arabinoxylan  (Sigma-Aldrich, MO,
United States), xylan (Sigma-Aldrich, MO, United States),
galactan (Sigma-Aldrich, MO, United States), lichenan (Sigma-
Aldrich, MO, United States), and pullulan (Sigma-Aldrich, MO,
United States) were used as sole carbon sources, respectively.
These were sterilized through membrane filtration using syringe
filter (CA, pore size 0.2 um, Hyundai Micro), then added to the
sterilized mYCFA medium.

SCFAs Analysis by LC-MS/MS

For the SCFAs analysis, we followed the referenced method with
some modifications (Song et al., 2020). The culture supernatants
of F. prausnitzii were harvested by centrifugation at each time
points and filtrated with a syringe filter (PVDF, pore size 0.45 pm,
Millipore). Then 50 pL of filtered supernatant was mixed with
450 uL HPLC-grade water (Fisher Scientific, NH, United States).
Butyrate-d7 (CDN isotopes, QC, Canada) was used as internal
standard compound, and dissolved in 50% Acetonitrile (ACN,
Fisher Scientific, NH, United States) to 1 mM. Girard’s reagent T
(GT, Sigma-Aldrich, MO, United States), used for chemical
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derivatization, was dissolved in 50% ACN with 40 pL/ml pyridine
(Sigma-Aldrich, MO, United States) and 18 uL/ml HCI (Junsei,
Tokyo, Japan) to 100mM. Also 100mM 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich, MO,
United States) were dissolved in 50% ACN. GT derivatization
reaction conditions were prepared as follows. First, 20 uL of
diluted supernatant was mixed with 10 uL of butyrate-d7,
40 uL of 100 mM GT, 40 uL of 100 mM EDC, and 50 pL 50%
of ACN followed by incubation at 40°C for 1 h. After incubation,
it was diluted 100-fold with 50% ACN and analyzed by LC-MS/
MS. To analyze the quantitative curve of GT-labeled butyrate, the
SCFA standard mixture consists of acetate, propionate, butyrate,
valerate, caproate (Sigma-Aldrich, MO, United States) was
dissolved in 50% ACN (100 nmol/ml). It was serially diluted,
and 20 uL of the diluted SCFA standard mixture was GT
derivatizated and incubated as above. After incubation, it was
diluted 20-fold with 50% ACN and analyzed by LC-MS/MS. The
number of molecules of GT-labeled SCFA injected into LC-MS/
MS was as follows: 1,000 pmol, 200 pmol, 50 pmol, 10 pmol,
2 pmol, 500 fmol, 100 fmol, 20 fmol, 5 fmol, 1 fmol, and 0 fmol.
LC-MS/MS analysis was performed using an integrated
system composed of Acquity UPLC H-Class (Waters, MA,
United States) and LTQ XL™ Linear Ion Trap Mass
Spectrometer (Thermo Fisher Scientificc, MA, United States).
Then 5uL of reaction mixture of GT-labeled butyrate was
injected into Zorbax HILIC plus column (4.6 x 100 mm,
3.5um, Agilent, CA, United States). Solvent C comprised
water containing 20 mM ammonium acetate and 20 mM acetic
acid while solvent D was 100% ACN. GT-labeled SCFAs were
separated on the analytical column at a flow rate of 0.3 ml/min.
The LC gradient method was set as follows: t = 0 min, 70% D;
1 min, 70% D; 10 min, 30% D; 15 min, 30% D; 15.1 min, 70% D;
and 20 min, 70% D. The mass spectrometer was operated in
positive ion mode. The normalized collision energy was 35.

Preparation of Intracellular Proteomic
Analysis

For the preparation of intracellular proteomic analysis, we used
the filter-aided sample preparation (FASP) method with some
modifications (Wisniewski et al, 2009). Cell pellets of F.
prausnitzii were harvested by centrifugation at the mid-log
phase and were washed two times with phosphate-buffered
saline (PBS) at 4°C. Cell pellets were resuspended with RIPA
buffer (Thermo Fisher Scientificc, MA, United States)
supplemented with 0.1% protease inhibitor cocktail (Sigma-
Aldrich, MO, United States) and sonicated on ice by a probe
sonicator (Sonics & Materials, Inc., CT, United States) for cell
lysis. After cell lysates were centrifuged at 4,000 rpm for 10 min at
4°C, supernatants were obtained. The protein concentration was
measured by the bicinchoninic acid protein assay kit (BCA assay;
Thermo Fisher Scientific, MA, United States) according to the
manufacturer’s instructions. For protein reduction, dithiothreitol
(DTT) was added to a final concentration of 50 mM and
incubated for 5min at 95°C. 200 pg of reduced proteins were
transferred to 30k filter units (Microcon; Millipore, MA,
United States). 200 uL of UA buffer (8 M urea in 0.1 M Tris-
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HCI, pH 8.5) was added to the device and centrifuged at 10,000 xg
for 15 min at 20°C. This step was repeated 3 times, and proteins
were alkylated by addition of 100 pL of 0.05M ijodoacetamide
(IAM) in UA buffer and incubation in the dark and at room
temperature for 20 min. After centrifugation, the concentrate was
diluted with 100 pL of UA buffer and centrifuged and repeated
this step twice. Subsequently, 100 uL 0.05 M Tris-HCI, pH 8.5
were added to filter unit and centrifuged again. This step was
repeated 2 times, and the prepared proteins were digested by
trypsin. To collect the digests, 250 uL of 0.05 M Tris-HCI, pH 8.5
was added to filter unit and centrifuged. Then the digests were
desalted on Pierce Peptide Desalting Spin Columns (Thermo
Fisher Scientific, MA, United States) according to the instructions
provided by the manufacturer. Purified samples were dried with a
centrifugal vacuum concentrator (Vision Scientific, Seoul, Korea)
and stored at —80°C until used for analysis.

Intracellular Proteome Analysis by
LC-MS/MS

Proteomic analysis was performed as described previously (Jo
etal., 2020). Briefly, the dried samples were dissolved in solvent A
(0.1% v/v formic acid in water) before the analysis. Proteomic
analysis was performed using nano-HPLC, Ultimate 3,000
RSLCnano LC system (Thermo Scientific, MA, United States).
Q Exactive Hybrid Quadrupole-Orbitrap (Thermo Scientific,
MA, United States) equipped with a nano-electrospray
ionization source was used in combination with the nano-
HPLC. Samples were trapped in an Acclaim PepMap 100 trap
column (100 um x 2 cm, nanoViper C18, 5 um, 100 A, Thermo
Scientific, MA, United States). Then, solvent A (98%) was used to
wash the column at a flow rate of 4 uL/min for 6 min. After
washing, the samples were separated at a flow rate 350 nL/min.
An Acclaim PepMap 100 capillary column (75pum X 15cm,
nanoViper C18, 3um, 100A, Thermo Scientific, MA,
United States) was used for LC separation. The LC gradient
was as follows: 0 min, 2% B; 30 min, 35% B; 40 min 90% B,
45 min, 90% B; 60 min, 5% B. Solvent A (0.1% formic acid in
water) and solvent B (0.1% formic acid in acetonitrile) were used.
The ion spray voltage was 2,100 eV. MS data were collected using
Xcaliber software. The Orbitrap analyzer scanned precursor ions
with a mass range of 350-1800m/z and a resolution of
70,000 at m/z 200. For collision-induced dissociation (CID), up
to the 15 most abundant precursor ions were selected. The
normalized collision energy was 32.

Protein identification and label-free quantification (LFQ) were
performed using MaxQuant software (Cox et al., 2014). Proteins
were identified by searching MS and MS/MS data of peptides
against the UniProt database. Statistical analysis of LFQ data was
processed with the R statistical programming environment (Shah
et al., 2020). Quantified protein data were processed with Perseus
software, and the significance was determined using the adjusted
p-value (Tyanova et al., 2016).

Intracellular Metabolite Extraction
A cell pellet was obtained from 10 ml of culture by centrifugation
at 3,000 rpm at 4°C for 10 min and washed twice with the sterile
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PBS at 4°C. Then, 1 ml of 80% cold methanol (-80°C, HPLC
grade, Fisher Scientific, NJ, United States) was added to each cell
pellet to extract intracellular metabolites. After samples were
vortexed for 1 min, they were incubated at —80°C for 1h. The
supernatant was obtained after centrifugation at 13,000 rpm for
3 min at 4°C. For re-extraction, cold 80% methanol was added to
cell pellets remained and they were incubated at —80°C for 1 h.
Next, supernatant was obtained as described above, and the
extraction step of 1h was repeated one more. Finally, the
metabolite samples were dried using centrifugal vacuum
concentrator (Hanil Science Industrial, Gimpo, Korea) and
stored at —80°C before analysis.

Intracellular Metabolome Analysis by
LC-MS/MS

The metabolite samples were dissolved in 50% methanol
containing 10 pg/mL L-Phenylalanine '’Co, "N (Sigma-
Aldrich, MO, United States) as an internal standard (IS). They
were filtrated with a syringe filter (PVDF, pore size 0.45 pm,
Millipore). Prepared samples were transferred to LC vials, and
LC-MS/MS analysis was performed. Analysis was performed
using a 1,260 Infinity Binary HPLC system (Agilent, CA,
United States) combined with a 6,420 Triple Quadrupole LC-
MS system (Agilent, CA, United States). Injected metabolites
were separated using an Xbridge amide column (4.6 x 100 mm,
3.5 um particle size, Waters, MA, United States) with solvent A
(25 mM ammonium acetate (HPLC grade, Fisher Scientific, NJ,
United States) and 25 mM ammonium hydroxide (HPLC grade,
Fisher Scientific, NJ, United States) in 95:5 = water: ACN) and
solvent B (100% ACN) given a gradient to analysis. The flow rate
was 0.4 ml/min and the electrospray ionization voltage was 4 kV.
The LC gradient was as follows: 0 min, 85% B; 5 min, 45% B;
16 min, 0% B; 24 min, 0% B; 25 min, 85% B; 32 min, 85% B. MS
peak areas were extracted using Agilent MassHunter Qualitative
Analysis software. The peak area was normalized using the peak
area of internal standard. The False Discovery Rate (FDR)-

corrected p-values were provided using the Statistical analysis
module of Metaboanalyst 5.0 (Pang et al., 2021).

mRNA Isolation and Quantitative Analysis
by qRT-PCR

Cell pellets of F. prausnitzii in the mid-log phase were harvested
by centrifugation at 4°C and total RNA was isolated by using
TRIzol reagent (Takara, Tokyo, Japan), following the supplier’s
instructions. The RNA concentration and the purity were
measured by spectrophotometry (Thermo Fisher Scientific,
MA, United States). The extracted RNA was reverse
transcribed into cDNA using a ¢cDNA synthesis kit (Bio-Rad,
CA, United States). PCR primer sequences for B-fructosidase,
amylosucrase, and GAPDH were designed in this study by using
SnapGene software (Version 3.1; GSL Bio-tech, snapgene.com)
and shown in Supplementary Table S6. GAPDH was used as an
internal control for normalize the mRNA expression levels of all
genes. The sample mixtures for qRT-PCR were prepared with
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, CA,
United States). The qRT-PCR was performed using the CFX
connect (Bio-Rad, CA, United States) under the following
conditions: 40 cycles of denaturation at 95°C for 15s,
annealing at 60°C for 30s. The results were analyzed using
CFX Maestro software (Bio-Rad, CA, United States). All
experiments were performed in three biological replicates for
each experiment.

Cloning of bfrA Gene and ams Gene

The B-fructosidase gene was amplified from genomic DNA of F.
prausnitzii using primer bfrA_F (5'-ATATGGATCCATGAA
CGATTTGACTTTACA-3') and bfrA_R (5'-ATATCTCGA
GTTACAGATTCAGTTCAAACT-3'). And the amylosucrase
gene was amplified from genomic DNA of F. prausnitzii using
ams_F  (5'-ATATGGATCCATGGCAGCAAAACAGGAATT-
3") and ams_R (5'-ATATCTCGAGTTATTTGTTTTTTACCA
GCA-3'). The DNA fragments were amplified by PCR with an

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 10 | Article 825399


http://snapgene.com
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Park et al.

Inulin Metabolism by Faecalibacterium Prausnitzii

A .
OGlucose ®Inulin
s
% *%
g 10
g 8
< 6
<
*
g 4
€
e 5 B
2 0 [ . [
[
E B-fructosidase =~ Amylosucrase
B
GF4
GF5
| GF6 pET28a
lGF7GFn
| ] -
2 I,
2
2
= B-fructosidase pET28a-bfrA
* oeee
21
1000 2000 3000
Mass (m/z)

jons are [M + NaJ*.

[Sucrose]
C 365.2
pET28a
e Mo A
DHB control :
. Bl
= N e ! (0 Y
[ .
£ | pET28a-ams
2 amylosucrase
° :
Ore

FIGURE 4 | Mass spectrometry analysis of cell lysates. (A) mRNA expression of glycoside hydrolases (B-fructosidase, amylosucrase). The error bars indicate the
standard deviation of triplicate samples. *p < 0.05, **p < 0.01. (B) MALDI-TOF-MS spectra of inulin degraded by cell lysates of pET28a-bfrA. Peaks are labeled by DP. G,
glucose; F, fructose. All molecular ions are [M + Na]*. (C) MALDI-TOF-MS spectra of sucrose degraded by cell lysates of pET28a-ams, and pET28a-bfrA. All molecular

: al-p2
T Y. A!\JM B WPV P EL,,L L; PRSI PO VO,
pET28a-bfrA :

JMAAAW it
320 340 360 380 400
Mass (m/z)

Automated Thermal Cycler (Thermo Fisher Scientific, MA,
United States) from the following PCR mixture: 50 ng
genomic DNA, 1uM of each primer, 0.2 mM of each dNTP,
polymerase buffer, and herculase II Fusion DNA Polymerase
(Agilent, CA, United States). PCR conditions were 95°C for 5 min,
followed by 25 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C for
1 min, with a final extension period of 5 min at 72°C. The PCR
products were purified and cloned into the pET28a, yielding
pET28a-bfrA and pET28a-ams. The cloning products were heat-
transformed into E. coli strain DH5a. After the colony selection
on LB agar plate with ampicillin, the selected colony was grown
overnight in LB broth at 37°C. Constructed vectors were extracted
and stored at —70°C.

Protein Expression

B-fructosidase and amylosucrase were expressed using E. coli
BL21 (DE3). The constructed vectors were transformed into
competent cells of E. coli BL21. E. coli BL21 cells containing
pET28a-bfrA and pET28a-ams were cultured at 37°C in LB
medium containing 100 pg/ml ampicillin until OD600 nm
reached 0.6-0.8. Expressions of bfrA and ams were induced
by addition of 0.5 mM isopropyl-f-d-thiogalactoside (IPTG)
with subsequent overnight incubation at 18°C. The cells were
harvested by centrifugation (3,500 xg, 10 min, 4°C), and the
pellet was resuspended in Tris buffer solution containing
50 mM Tris-HCl (pH 8.0), 200 mM NaCl and 10% (v/v)

glycerol. After ultrasonification in ice-chilled water, the
extracts were centrifuged (13,000 xg, 30 min, 4°C) and the
supernatants were harvested. To confirm the protein
molecular weight, the soluble fraction of lysates was loaded
into 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) at 50V for 15min and 130V
for 60 min after the denaturation process (Supplementary
Figure S1). Protein concentrations were measured using the
Bradford assay.

Enzymatic Function Assay

The enzymatic functions were measured in a 50 pL volume that
contained 36 ng of proteins in soluble fractions of the cell lysates
and 10 mg/ml of sucrose or inulin in 50 mM sodium phosphate
buffer. The reaction was performed at 37°C for 10 min and
stopped by heating at 95°C for 10 min. The reaction products
were centrifuged (16,000 xg, 5 min, 4°C) and mass spectra of the
supernatant were analyzed by matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF-MS,
Bruker Daltonics, MA, United States). Briefly, 1 uL of the
supernatants was mixed with 1uL of 2,5-dihydroxybenzoic
acid (DHB) solution. And 1 pL of the mixture was spotted and
dried on a stainless steel MALDI plate. MALDI spectra was
obtained by scanning a total of 600 shots from six different
spots in positive ion mode. The operating conditions were as
follows: accelerating voltage 20 kV; laser frequency 60 Hz; ion
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FIGURE 5 | Fructan hydrolase enzyme activities in three fractions of the

cell: cell-free supernatant, cell wall extract, and cytoplasmic extract. The
activity was measured by determining the amount of fructose released per min
per mg of protein. The error bars indicate the standard deviation of
duplicate samples. *p < 0.05, *p < 0.01.

source 1 voltage 19 kV; ion source 2 voltage 16 kV; lens voltage
9.8 kV; detector gain 5.8 and laser power 70%. The average
spectrum profiles obtained were visualized with FlexAnalysis
3.3 software (Bruker Daltonics, MA, United States).

Fructan Hydrolysis Assay

Fructan hydrolysis assay was performed following the referenced
methods with some modifications (Goh et al., 2007; Fang et al.,
2021). After the cell pellet of F. prausnitzii cultured in the
mYCFAG was washed and re-suspended in carbohydrate-free
mYCFA, 300 uL was inoculated in the 30 ml of mYCFA medium
supplemented with 0.3% (w/v) inulin. Cell fractionation was
performed when the F. prausnitzii was in the mid-log phase.
The cells were harvested by centrifugation at 3,000 xg for 15 min
at 4°C. The culture supernatant was filtered and sterilized with a
syringe filter (PES, pore size 0.2 um, Hyundai Micro), and
concentrated using an Amicon Ultra-4 ultrafiltration
centrifuge tube (30k; Millipore, MA, United States). The cell

Inulin Metabolism by Faecalibacterium Prausnitzii

pellet was washed twice in 100 mM potassium phosphate buffer
(pH 7.0) and resuspended in 1 ml of the same buffer. The cell
suspension was transferred into microtube and sonicated on ice
by a probe sonicator (Sonics & Materials, Inc., CT, United States).
Then, the cell lysate was transferred into a new tube, and the
fraction containing cell wall fragments was separated from the
cytoplasmic fraction by centrifuging at 13,800 xg for 10 min at
room temperature. Then the cell wall fraction was resuspended in
1 ml of phosphate buffer, and the cytoplasmic extract was
concentrated by using an Amicon Ultra-4 ultrafiltration
centrifuge tube.

The concentrated culture supernatant, cell wall fraction, or
cytoplasmic extract was added to 190 pL of 0.3% (w/v) sucrose or
inulin solution. The reaction mixture was incubated at 37°C for
3 h, and inactivated at 95°C for 3 min. The fructan hydrolysis
activity was measured by determining the amount of fructose
released per min per mg of protein. The fructose concentration
was determined by high-performance liquid chromatography
using an Xbridge amide column (Waters, MA, United States).
The protein concentration was measured by the BCA assay kit
according to the manufacturer’s instructions.

Fermentation Experiments

For the comparison of the growth of F. prausnitzii according to
the sole carbon source, the cell pellet of F. prausnitzii cultured in
the mYCFAG was washed twice with carbohydrate-free mYCFA
and re-suspended in carbohydrate-free mYCFA. 300 pL of this
suspension was inoculated onto 30 ml of mYCFA containing
0.3% (w/v) glucose, fructose, sucrose, and inulin as the sole
carbon source, respectively. Inulin was sterilized at 121°C for
15min and the others were sterilized through membrane
filtration using CA syringe filter, then they were added to the
sterilized mYCFA medium. Glucose, fructose was purchased
from Sigma-Aldrich (MO, United States), sucrose was
purchased from Junsei (Tokyo, Japan), and inulin was
purchased from Megazyme (IL, United States). According to
the information supplied by the company, the DP of the
inulin chains is varied between 2 and 60. F. prausnitzii was

A FAEPRAA2165_02761-02769

Fkkk

-

ON D~ O®O

*kkk

HiEHH.

R |

B FAEPRAA2165_00734-00736

Kkkk

=

ONH~O®O

Fkkk

mﬂﬂ

Fkkk

Log, (Fold Change)

02761 02762 02763 |02765>1 02766 )| 02767 PIL DR

I Glycoside hydrolase I ABC transporter

[ Hypothetical protein [ Fructokinase

[ Transcriptional regulator

FIGURE 6 | The gene organization of proteins upregulated from proteomic analyses of F. prausnitzii grown on inulin relative to glucose. Proteins involved in (A)
inulin-type fructan utilization and (B) fructose uptake were annotated. The locus tag numbers FAEPRAA2165_XXXXX are abbreviated with the last numbers after the
hyphen. Proteins with similar predicted functions are colored by the same color. The logs (fold-change) relative to F. prausnitzii grown on glucose is shown on the y-axis.
The proteomic analysis was performed in triplicates. *p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001., Protein annotation: p-fructosidase (02761); fructan ABC
transporters (02762-02764); Lacl family transcriptional regulator (02765); hypothetical proteins (02766-02767); fructokinase (02768); amylosucrase (02769); DeoR
family transcriptional regulator (00734); 1-phosphofructokinase (00735); fructose PTS transporter (00736).

Log, (Fold Chnage)

0734 ‘

[ Transcriptional regulator
1-phosphofructokinase
[ PTS transporter

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

January 2022 | Volume 10 | Article 825399


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Park et al.

Inulin Metabolism by Faecalibacterium Prausnitzii

A B
Glucose O
Fructose '

—-Glucose -=-Fructose

Sucrose -e-Inulin

—Glucose - Fructose —=Inulin - Fructose
—--Glucose - Sucrose Inulin - Sucrose

1 -

experiments. Error bars represent standard deviations (s.d.).

3 €
(= =
S 0.8 g 081
Sucrose © ©
QH-_I?Z. 3. 0.6 4 3 0.6 1
Inuli 2 2
nulin @@ 2 0.4 - g 0.4 -
n S 024 8 02 1
°a °
O o+ © o _—
0 9 18 27 36 45 54 63 0 3 6 9 12 21 24
Time (hr) Time (hr)
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cultured anaerobically at 37°C and optical densities of the cultures
were measured at 600 nm.

Also, the bacterial pellet cultured in mYCFA supplemented
with 0.3% (w/v) glucose or inulin was re-suspended in
carbohydrate-free mYCFA when the OD600 nm reached 1.11
or 0.57, respectively. Then, 300 uL of this suspension was
inoculated onto 30ml of mYCFA containing 0.3% (w/v)
fructose or sucrose. Culture was performed anaerobically at
37°C and optical densities at 600 nm were measured.

Comparative Genomic Analysis

A BLAST search using the UniProt database was applied to
determine the protein sequence alignments and the BLAST
hits with a cut-off of E-value <0.0001. The output of
sequences producing significant alignments (E-value <0.0001)
against other F. prausnitzii strains was determined by NCBI
BLASTP online tool.

Statistical Analysis

Statistical ~analysis was performed wusing R statistical
programming environment. Data was expressed as the
means + s.d. All data was normalized with mean of control,
and significant differences of between two groups was assessed to
the unpaired two-tailed Student’s ¢ test. p < 0.05 were defined as
quantitatively significant. Statistical comparison was indicated
with ¥, ¥, ¥ 00t for p < 0.05, p < 0.01, p < 0.001, p < 0.0001
respectively.

RESULTS AND DISCUSSION

Increased Fermentation Ability and Butyrate

Productivity of F. prausnitzii Grown on Inulin
First, we added glucose and eight polysaccharides (i.e., inulin,
amylopectin, arabinan, arabinoxylan, xylan, galactan, lichenan,
and pullulan) as the sole carbon source to a carbohydrate-free
medium and observed the growth of four major compositional
species among human intestinal butyrate-producing bacteria

TABLE 1 | The metabolomic changes involved in the energy metabolism of F.
prausnitzii according to fermentation of inulin or glucose. Data are presented
with different four samples (n = 4) by LC-MS/MS. *p < 0.05, **p < 0.01, **p <
0.001 by two-tailed Student’s t-test.

Name LogoFC (Inulin/Glucose)
Citrate 1.23"
Aconitate 0.98*
Fructose 6-phosphate 0.92*
Succinyl-CoA 0.92*
Glucose 6-phosphate 0.89*
Fructose 1,6-bisphosphate -0.6™
Adenosine triphosphate -0.66"*
Acetyl-CoA -1.22"
Succinate -1.76"*
Malate —1.92"*

(i.e, F. prausnitzii, E. rectale, R. hominis, and R. intestinalis),
to explore the preference for dietary fibers. Among these
butyrate-producing bacteria, only F. prausnitzii could grow on
inulin as the sole carbon source. While the growth of all strains
was enhanced when grown on glucose, F. prausnitzii was also able
to grow on glucose and inulin, as previously reported (Figure 1)
(Duncan et al., 2002; Desai et al., 2016; Louis and Flint, 2017). We
also measured the production of butyrate, a beneficial metabolite
to the intestine, from F. prausnitzii grown on each carbon source;
high butyrate productivity was observed when glucose or inulin
was used as the sole carbon source (Figure 2). The highest
productivity of butyrate was observed after culturing for 45h
on inulin, which was 65% of that produced by using glucose as the
carbon source.

To efficiently produce butyrate by using a substrate in a non-
competitive manner with other bacteria in the intestine, it was
preferable to use highly selective inulin, instead of glucose, as the
carbon source for F. prausnitzii, which has excellent growth
ability against most of the other gut bacteria. Findings from in
vivo inflammatory models have proved that the ingestion of
prebiotics, such as inulin, is effective in promoting host health,
by inducing selective growth of butyrate-producing F. prausnitzii
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and possessing immunomodulatory properties, such as intestinal
barrier protection and anti-inflammatory effects in (Sokol et al.,
2008; Varela et al., 2013; Martin et al., 2015; Miquel et al., 2015;
Lopez-Siles et al,, 2016). However, research on the precise
mechanism and degrading enzymes involved in the selective
utilization of inulin in F. prausnitzii remains limited;
molecular-based characterization is required to induce butyrate
production in vivo using F. prausnitzii and for the commercial use
of related strains and enzymes in future. Therefore, we applied
integrative proteomics-metabolomics approaches, to explore the
changes occurring at the molecular level in inulin utilization by F.
prausnitzii and to characterize the related degrading enzymes.

Proteomic Changes of F. prausnitzii Grown

on Inulin

To investigate proteins involved in inulin utilization by F.
prausnitzii, we investigated the intracellular proteomic changes
in F. prausnitzii after culturing them using inulin or glucose, which
showed growth potential as the sole carbon source. A total of 1,125
proteins were identified, of which 68 proteins were significantly
upregulated (log, (fold-change) >2, p < 0.05), and 62 proteins were
significantly downregulated (log, (fold-change) <-2, p < 0.05)
during growth in inulin, compared to growth in glucose
(Figure 3A, Supplementary Table S1). In addition, principal
component analysis revealed that proteomic results of F.
prausnitzii were significantly different when glucose and inulin
were cultured as the sole carbon source (Figure 3B). Proteomic
analysis showed that the function of upregulated proteins in inulin
media was mainly associated with carbohydrate metabolism. In
particular, glycoside hydrolases and ABC transporters were
involved in inulin-type fructan degradation and intracellular
transport, and the PTS transporter involved in fructose uptake
were significantly upregulated.

Glycoside Hydrolases Upregulated in F.

prausnitzii Grown on Inulin

Proteomic analysis revealed that the most upregulated protein
during growth in inulin compared to growth in glucose was a 261-
fold upregulated enzyme, which belongs to glycoside hydrolase
family 32 (GH32) (Figure 3A). A Basic Local Alignment Search
Tool (BLAST) search for the amino acid sequence of this protein
revealed >85% sequence identity with B-fructosidases (levanase/
invertase), sucrose-6-phosphate hydrolase (sacA), and f-
fructofuranosidase of F. prausnitzii L2-6, F. prausnitzii, and
Gemmiger formicilis, respectively (Supplementary Table S2). All
of them are hydrolytic enzymes belonging to the GH32 family and
function as B-fructosidase (EC 3.2.1.26), which hydrolyzes the 3-D-
fructofuranoside bond of sucrose or inulin-type fructan and
degrades them into fructose monosaccharides. A BLAST search
also confirmed that the query sequence of this protein was highly
conserved with the aligned sequences even in other F. prausnitzii
strains (Supplementary Table S3). In addition, the second
upregulated protein was an a-amylase catalytic domain protein
that was upregulated 260-fold during growth in inulin compared to
growth in glucose. A BLAST search revealed a sequence identity of
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proteomic and metabolomic data of F. prausnitzii grown on inulin relative to
glucose.

>98% with amylosucrase (ams) and the degree of conservation of
this protein among different F. prausnitzii strains (Supplementary
Tables S$4, S5). Amylosucrase (EC 2.4.1.4) is a hydrolase belonging
to the GH13 family and is a glucose transference, which cleaves
sucrose into glucose and fructose and transfers glucosyl residues to
the glucan chain to form a-1,4-linked glucan (Montalk et al., 1999;
Tian et al, 2018). Therefore, putative p-fructosidase and
amylosucrase are enzymes capable of hydrolyzing inulin-type
fructan and sucrose. However, while amylosucrase is a
hydrolase, which uses sucrose as a substrate, B-fructosidase
could degrade both the p-2,1 fructose-glucose bond and the B-
2,1 bond between fructose, when a polymer such as inulin-type
fructan is present as the substrate. B-fructosidase (EC 3.2.1.26) of
Thermotoga maritima can release fructose from the inulin
terminus by an exo-type mechanism and form sucrose (Liebl
et al,, 1998). In contrast, p-fructofuranosidase (EC 3.2.1.26) of
Bifidobacterium breve UCC2003 cleaves the -2,1 bond of glucose-
fructose in sucrose and fructooligosaccharide (FOS) substrates, but
not the f-2,1 bond between fructose (Ryan et al., 2005). Thus, even
the same enzyme may have different functions depending on the
source species and the substrate on which it acts. Therefore, we
attempted to characterize the exact function of putative p-
fructosidase and amylosucrase of F. prausnitzii by analyzing the
enzyme activity and substrate specificity.

Intracellular Inulin-type Fructan Degrading
Enzymes Upregulated in F. prausnitzii

Grown on Inulin

To characterize putative p-fructosidase and amylosucrase
upregulated during the growth of F. prausnitzii on inulin, we
investigated mRNA expression levels of the genes encoding each
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hydrolase, using quantitative real time polymerase chain reaction
analysis. The mRNA expression levels of P-fructosidase and
amylosucrase significantly increased by 8.64-fold and 2.35-fold,
respectively, during growth in inulin, compared to the levels
observed during growth in glucose, similar to the data obtained
from proteome analysis (Figure 4A). In addition, to evaluate the
degradation activity of these enzymes on inulin and sucrose
substrates, we cloned bfrA and ams into the pET28a vector
and transformed them into E. coli BL21. The activity of the
purified enzyme obtained after overexpression in E. coli was
determined by treating the extracted cell lysate with inulin and
sucrose, followed by analysis of the final product using matrix-
assisted laser desorption/ionization-time of flight mass
spectrometry. It was found that all lengths of inulin (DP =
2-60) were hydrolyzed by the pET28a-bfrA recombinant strain
lysate regardless of the DP (Figure 4B). Thus, the putative -
fructosidase could cleave all of the B-2,1 bonds between the
fructose of inulin-type fructan. In addition, sucrose was
degraded by the pET28a-ams and pET28a-bfrA recombinant
strains (Figure 4C). These results showed that putative
amylosucrase and putative p-fructosidase were enzymes
capable of cleaving the al- B2 bond between a-D-glucose and
B-D-fructose. However, although we established the hydrolytic
activity of the two hydrolases on inulin-type fructan and sucrose
through the recombinant strains, it remains unclear whether the
degradation in the metabolic pathway of the enzyme was
intracellular or extracellular.

It is predicted that many cell wall-associated proteins of Gram-
positive bacteria are anchored to the cell wall through the LPxTG
(where x is any amino acid) cell wall anchor motif located in the
C-terminal region of the amino acid sequence (Navarre and
Schneewind, 1994). A cell wall anchor motif is present in the
B-fructosidase of Lactiplantibacillus plantarum P14 and P76 and
Lacticaseibacillus paracasei 1,195, and it has been confirmed that
a cell wall-anchored B-fructosidase degrades fructan outside the
cell (Goh et al., 2007; Buntin et al., 2017). In contrast, it is known
that B-fructosidase of Lactobacillus acidophilus NCFM is a
cytoplasmic protein, since it does not contain the LPxTG
sequence and hence is expected to be an intracellular enzyme
(Barrangou et al., 2003). However, we could not identify a specific
sequence corresponding to the characteristic cell wall anchor
motif from the amino acid sequences of B-fructosidase and
amylosucrase (data not shown). Therefore, it could be
predicted that both these enzymes are intracellular, which
degrade  inulin-type fructan transported into  cells.
Additionally, subcellular localization of the protein through
PSORT Version 3.0.3 revealed that the two hydrolases were
>99.7% cytoplasmic (Yu et al, 2010). To determine the
location of the hydrolases more accurately, F. prausnitzii,
cultured in inulin as a sole carbon source, was extracted by
dividing it into three fractions: cell-free supernatant, cell wall
extract, and cytoplasmic extract, and the amount of fructose
released was measured when inulin and sucrose were used as
substrates. When inulin was used as a substrate, the cytoplasmic
extract showed 22 times more hydrolytic activity than the
supernatant and 10 times more hydrolytic activity than the
cell wall extract; when sucrose was used as a substrate, only

Inulin Metabolism by Faecalibacterium Prausnitzii

the cytoplasmic extract showed activity (Figure 5). Therefore, it
was confirmed that the enzyme that degraded inulin-type fructan
in inulin metabolism of F. prausnitzii was an intracellular
enzyme, which degrades inulin-type fructan transported into
the cell.

Uptake of Inulin-Type Fructans by
Upregulated Fructan ABC Transporters in F.

prausnitzii Grown on Inulin

From the proteomic results, we confirmed that glycoside
hydrolases and proteins involved in the intracellular transport
of sugars were upregulated 18-fold or more during growth in
inulin (Figures 6A,B). A BLAST search confirmed that these
proteins were ABC transporters, which transport substrates using
ATP as an energy source, and the PTS transporter that transports
sugar into cells and simultaneously phosphorylates it
(Supplementary Table S7) (Saurin et al, 1999; Deutscher
et al., 2006). The metabolism of sugar using transport systems,
such as ABC and PTS transporters, generally follows two
metabolic pathways. Interestingly, various studies have
reported that transport systems are involved in inulin-type
fructan utilization together with B-fructosidase in various
probiotic bacteria. First, inulin-type fructan enters the cell, in
an undigested state through the transporter, and is degraded by
the cytoplasmic enzyme, which can be mainly taken up by the
ABC transporter in this case. Tsujikawa et al. reported that
Lactobacillus delbrueckii JCM 1002T transported inulin (DP >
8) into cells in an undigested state through the inulin ABC
transporter (Tsujikawa et al., 2013; Tsujikawa et al,, 2021). In
addition, the ABC transport system of Lactobacillus acidophilus
NCEM is involved in FOS (DP 2-4) utilization, together with
intracellular P-fructosidase (bfrA) (Barrangou et al, 2003).
Second, after the substrate is degraded by enzymes present in
the extracellular space or the cell wall, the product enters the cell
through the PTS transporter. Goh Yong et al. showed that when
Lactobacillus  paracasei 1,195 degrades FOS (DP < 10)
extracellularly through cell wall-anchored p-fructosidase, the
generated fructose and sucrose are taken up into cells through
each PTS transporter (Goh et al., 2006; Goh et al., 2007). In
addition, in fructan utilization by Roseburia inulinivorans A2-
194, inulin-type fructan (DP 2-60) is transported into cells by the
ABC transporter and degraded by B-fructofuranosidase, while the
PTS transporter is reported to be involved in the uptake of
fructose (Scott et al, 2011). This study confirmed the
intracellular activity of B-fructosidase of F. prausnitzii using an
enzyme assay. Therefore, it is predicted that the inulin-type
fructan enters into cells in its original state through the
putative ABC transporter and is then degraded by cytoplasmic
B-fructosidase.

Furthermore, bacterial carbohydrate utilization is generally
caused by the co-regulation of genes encoding carbohydrate
hydrolases, transporters, and transcriptional regulators in
adjacent positions (Barrangou et al., 2003; Goh et al., 2007).
We found that the location of the genes encoding -fructosidase,
amylosucrase, and putative ABC transporters were located
adjacent to those of the putative fructokinase and putative
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Lacl family regulator (locus tag FAEPRAA2165_02761-02769),
which were upregulated 15.56-fold and 4.69-fold, respectively,
during growth in inulin (Figure 6A, Supplementary Table S7).
Interestingly, these proteins had a similar gene organization to -
fructofuranosidase, ABC transporters, 6-phosphofructokinase,
and Lacl family regulators, belonging to the fructan utilization
gene cluster induced during inulin growth in R. inulinivorans.
Especially, B-fructofuranosidase, and three ABC transport system
components shared 45-66% identity with p-fructofuranosidase
and ABC transporters in this study (Supplementary Table S8).
Accordingly, we suggest that F. prausnitzii utilizes inulin-type
fructan (DP 2-60) by uptake into cells through fructan ABC
transporter and degradation by cytoplasmic p-fructosidase,
similar to fructan utilization by R. inulinivorans. However,
further research is needed to determine the exact DP of
inulin-type fructan taken up into the cell through the fructan
ABC transporter.

Upregulated Fructose Uptake Ability in F.

prausnitzii Grown on Inulin

We confirmed that the putative PTS transporter was upregulated
35-fold in F. prausnitzii grown on inulin (Figure 6B). A BLAST
search confirmed that this transporter responds specifically to
fructose; a recent study has reported that a fructose-specific PTS
transporter participates in the intracellular transport of fructose
and is induced when F. prausnitzii is grown in the presence of
fructose (Supplementary Table S7) (Kang et al, 2021). In
addition, proteomic data confirmed that the transcriptional
regulator and 1-phosphofructokinase encoded by the gene
adjacent to the gene of the fructose PTS transporter were
upregulated (Figure 6B). Because the PTS transporter
transports sugar into the «cell and simultaneously
phosphorylates it, F. prausnitzii is expected to take up fructose
into the cell through the fructose PTS transporter and
phosphorylate it to fructose 1-phosphate, which is
subsequently converted into fructose 1,6-bisphosphate by 1-
phosphofructokinase and enters the glycolytic pathway (Kang
et al, 2021). To explore the activity of the fructose PTS
transporter, we compared the growth ability of F. prausnitzii
on glucose, fructose, sucrose, and inulin produced during the
digestion process of inulin (Figure 7A). As a result, F. prausnitzii
showed a significant growth ability on glucose and inulin
substrates, but a relatively low growth ability in fructose, and
growth was difficult in sucrose (Figure 7B). These results
demonstrated that F. prausnitzii preferred to utilize inulin,
which has a higher DP than fructose and sucrose, and the
transport of inulin-type fructan through the fructan ABC
transporter was more dominant than that of fructose through
the fructose PTS transporter. In addition, to investigate whether
inulin induced upregulation of the fructose PTS transporter in F.
prausnitzii results in increased uptake of fructose by cells, we
inoculated F. prausnitzii, isolated in the mid-log phase grown on
glucose or inulin, to a new medium supplemented with fructose
and sucrose, and compared the growth. The growth ability of
inulin-grown F. prausnitzii on fructose was significantly higher
than that of glucose-grown F. prausnitzii. (Figure 7C). These
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results suggested that when F. prausnitzii utilized inulin, and the
fructose PTS transporter was upregulated, thereby enhancing the
ability to uptake fructose into cells. Interestingly, F. prausnitzii
could not uptake sucrose despite the upregulation of the fructose
PTS transporter and fructan ABC transporter. These results
revealed that sucrose could not be transported through the
fructose PTS transporter because it was not degraded into
fructose outside the cell and was not directly transported into
the cell even in the state of undigested sucrose. In summary, we
demonstrated that when F. prausnitzii metabolized inulin, the
fructose PTS transporter, which can specifically uptake fructose
into the cell, was upregulated; however, we confirmed that the
transport of inulin-type fructan by the ABC transporter was more
dominant. This suggested that the main pathway for inulin
utilization in F. prausnitzii was the selective transport of
inulin-type fructan into the cell through the fructan ABC
transporter and the degradation of inulin-type fructan into
fructose by the cytoplasmic degrading enzyme.

Metabolomic Changes of F. prausnitzii

Grown on Inulin

We compared quantitative changes in the intracellular
metabolome of F. prausnitzii incubated with inulin or glucose
as the sole carbon source, to observe changes in metabolites
related to inulin utilization in F. prausnitzii. In total, 129
metabolite changes were observed, and when inulin was grown
as a sole carbon source, 21 metabolites were significantly
upregulated (fold-change >1.5, p < 0.05), and 51 metabolites
were downregulated (fold-change < -1.5, p < 0.05)
(Supplementary Figure S2, Supplementary Table S9).
Proteomic data have earlier revealed that when F. prausnitzii
grows on inulin, the fructose utilization system is also activated.
Thus, it could be inferred that fructokinase phosphorylates
fructose, which is produced by the degradation of inulin-type
fructan that is transported inside the cell by fructan ABC
transporter, and converts it into fructose-6-phosphate. In
addition, 1-phosphofructokinase converts phosphorylated
fructose, which is produced by the fructose PTS transporter
while taken up into fructose 1,6-bisphosphate, which could be
metabolized to the glycolytic pathway. Metabolomic analysis
showed  that  fructose-6-phosphate significantly
upregulated 1.89-fold when F. prausnitzii was grown on inulin
compared to that obtained with growth on glucose (Table 1). In
addition, glucose-6-phosphate, which is produced by the
phosphorylation of intracellular glucose and is converted into
fructose-6-phosphate to enter the glycolysis pathway, was also
significantly upregulated by 1.85 times. This indicated that the
increase in intracellular fructose through inulin-type fructan
metabolism was eventually induced in the glycolysis pathway
and the tricarboxylic acid (TCA) cycle for energy production,
which is essential for cell growth. In addition, the metabolite
expression pattern of the TCA cycle, which is important for the
production of ATP and the chemical energy produced by
carbohydrate metabolism, was quantitatively confirmed. It was
found that citrate, aconitate, and succinyl-CoA were upregulated
by 2.35, 1.98, and 1.89-fold, respectively; malate, succinate, and
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acetyl-CoA were downregulated by 0.26, 0.30, and 0.43-fold,
respectively. In addition, ATP decreased by 0.63-fold, which is
believed to result in relative differences in ATP due to the energy
consumption required for inulin metabolism by F. prausnitzii
compared to the growth of F. prausnitzii on glucose. However,
these results suggest that inulin can be selectively used as a
carbohydrate source by F. prausnitzii in a targeted manner
compared to glucose, which other gut bacterial species can utilize.

CONCLUSION

Based on a molecular perspective, this study attempted to
elucidate the biological mechanism whereby F. prausnitzii, a
human  health-promoting  intestinal  butyrate-producing
bacterium, can selectively digest prebiotic inulin. F. prausnitzii
could selectively digest inulin among various dietary fibers, and
when grown in inulin as the sole carbon source, it has an excellent
butyrate production capacity of about 65% of that when grown on
glucose. In addition, intracellular proteomic data revealed that
proteins involved in inulin-type fructan degradation and
intracellular transport were upregulated in F. prausnitzii
grown on inulin. First, f-fructosidase and amylosucrase, which
can completely degrade inulin-type fructan, were significantly
upregulated, and the activity of enzymes against fructan and
sucrose degradation was verified in E. coli using genetic
recombination. In addition, analysis of the subcellular location
of enzymes demonstrated that the inulin-type fructan degrading
enzymes were present intracellularly. We found that fructan ABC
transporters, which could directly uptake inulin-type fructan into
cells for intracellular degradation, were upregulated. In addition,
the fructose transporter transporting fructose into cells was
upregulated, implying that F. prausnitzii improved not only
inulin-type fructan utilization but also the fructose uptake
ability through inulin metabolism. In addition, intracellular
metabolomics confirmed that F. prausnitzii efficiently used
fructose, the final degradation product of inulin-type fructan,
for energy production during growth using inulin as a carbon
source. In conclusion, we conducted a study by a multiomics
approach to identify the proteins involved in inulin utilization by
F. prausnitzii and were able to present a molecular scale model of
F. prausnitzii utilizing inulin in the intestine (Figure 8). Thus, the
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