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Abstract

Fructooligosaccharides (FOS), Ad-fructooligosaccharides (Ad-FOS), resistant maltodextrin (RMD), and maltooligosaccharides (MOS)
are commercially available prebiotic oligosaccharides. In this study, the effects of prebiotics on the human gut microbial ecosystem
were evaluated using an in vitro gut model. FOS and Ad-FOS showed tolerance to digestion, whereas RMD and MOS showed moderate
digestion by digestive enzymes. In in vitro fecal fermentation, Bifidobacterium spp. increased in the following order: FOS, Ad-FOS, MOS,
and RMD, whereas Bacteroides spp. increased in RMD medium. Bacteroides xylanisolvens exhibited cross-feeding by enabling the growth
of other beneficial bacteria during co-culture in RMD medium. In metabolome analysis, total short-chain fatty acids (SCFAs) were
highly produced in the following order: RMD, FOS, MOS, and Ad-FOS; acetate in the order of FOS, MOS/RMD, and Ad-FOS; butyrate
in the order of RMD, MOS, FOS, and Ad-FOS; and propionate only in RMD. In addition, the conversion of betaine to trimethylamine
was rarely affected in the following order: MOS, RMD, FOS, and Ad-FOS. Lastly, the four oligosaccharides inhibited the adhesion of
pathogenic Escherichia coli to human epithelial cells to a similar extent. The comparative analysis results obtained in this study will

provide comprehensive information of these substances to manufacturers and customers.
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Introduction

Prebiotics are substrates that are selectively used by host microor-
ganisms to beneficially influence health (Gibson et al. 2017). The
important role of prebiotics in host health is well established and
has attracted considerable attention over time as an outstand-
ing functional food ingredient (Wang et al. 2019). Representative
prebiotics include fructooligosaccharides (FOS), galactooligosac-
charides (GOS), xylooligosaccharides (XOS), resistant maltodex-
trin (RMD), and maltooligosaccharides (MOS) (Hamaker and Tun-
cil 2014, Moreno et al. 2017, Myhrstad et al. 2020). Among them,
FOS, RMD, and MOS have been well commercialized, while GOS
and XOS have recently formed new markets. These substances
can promote an abundance of beneficial bacteria, such as Lacto-
bacillus and Bifidobacterium spp. (Kruse et al. 1999, Mao et al. 2015),
accompanied by the production of several metabolites, such as
short-chain fatty acids (SCFAs). In addition, prebiotics have been
reported to be involved in mineral absorption (Whisner etal. 2013),
control of pathogenic bacterial populations (Carlson et al. 2018),
immunomodulation (Frei et al. 2015), and improvement of the gut
barrier function (Cani et al. 2009).

A prebiotic was first defined as a ‘nondigestible food ingre-
dient that beneficially affects the host by selectively stimulat-

ing the growth and/or activity of one or a limited number of
bacteria already resident in the colon’ (Gibson and Roberfroid
1995). However, there have been many variations in the concept
of prebiotics between global regulatory agencies because of the
many emerging prebiotics that do not fit the definition (Carl-
son et al. 2018). In 2017, the panel of International Scientific As-
sociation of Probiotics and Prebiotics (ISAPP) proposed a broad
definition of a prebiotic as ‘a substrate that is selectively uti-
lized by host microorganisms conferring a health benefit’ (Gibson
et al. 2017). This has expanded the concept of prebiotics to di-
verse categories in terms of substances and working sites. Based
on the recent definition of prebiotics, previous studies on prebi-
otics were based on information on intestinal microorganisms
and metabolites; these analyses narrowly focused on Bifidobac-
terium spp. and SCFAs. Therefore, it is necessary to analyze the
prebiotic effects of substrates on the gut microbial ecosystem,
including changes in the microbiome and metabolome during
colonic fermentation. Microbiome and metabolome analyses can
elucidate the ecological relationships of beneficial bacteria with
commensal and harmful bacteria and provide information on
various compounds synthesized by the human gut microbiome,
respectively.
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In vitro models are useful tools for evaluating food safety and
validating health claims, especially in the food industry, to predict
the impact of novel and functional foods on the human micro-
biome (Roupar et al. 2021). Previously, the effects of FOS on human
gut bacteria have been evaluated using in vitro models (Mao et al.
2015). RMD has also been investigated for microbial enzyme activ-
ity and microbial group composition generated during the in vitro
fermentation process (Rosch et al. 2015). In addition, the effect
of MOS as a prebiotic was evaluated by analyzing its digestibil-
ity, proliferation of Bifidobacterium spp., and changes in SCFAs con-
tent (Jang et al. 2020). Although previous studies have reported
the prebiotic effects of several oligosaccharides using in vitro sys-
tems, these substances have been studied individually, and com-
parative studies on the prebiotic effects have not yet been per-
formed (Nogacka et al. 2020). Thus, a comparative analysis of the
effects of prebiotic oligosaccharides on gut microbiome ecosys-
tems should be conducted to provide comprehensive information
on these substances to manufacturers and customers.

Therefore, the aim of this study was to evaluate and compare
the prebiotic effects of four commercialized oligosaccharides, FOS,
Ad-FOS, RMD, and MOS, focusing on changes in the microbiome
and metabolome. For this purpose, their digestibility by digestive
enzymes, fermentability through individual bacterial cultivation
and co-cultivation, in vitro fecal fermentation, and inhibition of
pathogenic E. coli adhesion to intestinal epithelial cells were ana-
lyzed. In particular, for in vitro fecal fermentation, we employed
the simulated batch fermentation system under pH-controlled
anaerobic conditions.

Materials and Methods

Microorganisms, media, and culture conditions
The strains used in this study are listed in Table 1 and were ob-
tained from the Korean Agricultural Culture Collection (KACC,
Jeonju, Korea), the Korean Collection for Type Culture (KCTC,
Jeongeup, Korea), and the American Type Culture Collection
(ATCC, Manassas, USA). They were cultured in De Man, Rogosa,
and Sharp medium (MRS; Difco Co., Detroit, MI, USA), brain heart
infusion broth medium (BHI; Difco Co.), and supplemented BHI
(BHIS) medium (Bacic and Smith 2008) at their optimal tempera-
tures.

In vitro digestion

In vitro digestion of oligosaccharides was performed us-
ing a previously reported method (Minekus et al. 2014).
The prebiotic oligosaccharides used in this study were
FOS (B-D-fructofuranose-(2— 1)-8-D-fructofuranose-(2—1)-
a-D-glucopyranose, GF2, 38.69%; p-D-fructofuranose-(2—1)-
B-D-fructofuranose-(2—1)-g-D-fructofuranose-(2—1)-a-D-

glucopyranose,  GF3, 48.44%; p-D-fructofuranose-(2—1)-
B-D-fructofuranose-(2—1)-g-D-fructofuranose-(2—1)-8-D-

fructofuranose-(2<1)-a-D-glucopyranose, GF4, 8.25%, 95.38%
purity), Ad-FOS (87.96% GF2 and 92.96% purity), RMD (89.5% pu-
rity), and MOS (maltotetraose, G4, 59.9% purity in hydrolyzed corn
starch). These were provided by an industrial producer (Samyang,
Seoul, South Korea). Briefly, for oral phase digestion, 2 ml sim-
ulated saliva fluid (SSF) electrolyte stock solution (15.1 mmol/L
KCl, 3.7 mmol/L KH,PO,4, 13.6 mmol/L NaHCOs, 0.15 mmol/L
MgCIQ(H20)6, 0.06 mmol/L (NH4)2C03, 1.5 mmol/L CaClz(HQO)z,
pH 7.0) was mixed with 80 mg oligosaccharides, 75 U/mL oral en-
zyme (@-amylase from human saliva Type IX-A, 1000-3000 U/mg
protein, Sigma), and 0.75 mM CaCl, (Junsei, Tokyo, Japan). The

Table 1. Strains used in this study.

Temperature
Strains Medium (°C)

1 Limosilactobacillus fermentum MRS 30
KACC 11 441

2 Limosilactobacillus reuteri KACC MRS 37
11452

3 Lacticaseibacillus rhamnosus KACC MRS 37
11953

4 Lactiplantibacillus plantarum MRS 37
KACC 11451

5 Lactobacillus acidophilus KACC MRS 30
12 419

6 Lacticaseibacillus casei KACC MRS 37
12 413

7 Lactobacillus bulgaricus KACC MRS 37
12 420

8 Lactobacillus gasseri KACC 12 424 MRS 37

9 Lactobacillus helveticus KACC MRS 37
12418

10 Lacticaseibacillus paracasei KACC MRS 37
12 361

11 Ligilactobacillus salivarius KACC ~ MRS 37
10 006

12 Lactococcus lactis KACC 13 877 MRS 37

13 Streptococcus thermophilus KACC MRS 37
11857

14 Bifidobacterium lactis KACC 16 638 MRS + L-cysteine 37

15 Bifidobacterium breve KACC 16 639 MRS + L-cysteine 37

16 Bifidobacterium bifidum KACC MRS + L-cysteine 37
20601

17 Bifidobacterium longum KCTC MRS + L-cysteine 37
3128

18 Anaerostipes hadrus KCTC 15 606 BHIS 37

19 Bacteroides fragilis KCTC 5013 BHIS 37

20 Bacteroides ovatus KCTC 5827 BHIS 37

21 Bacteroides uniformis KCTC 5204  BHIS 37

22 Bacteroides vulgatus KCTC 25021 BHIS 37

23 Bacteroides xylanisolvens KCTC BHIS 37
15192

24 Blautia hansenii KCTC 5951 BHIS 37

25 Collinsella aerofaciens KCTC BHIS 37
15038

26 Dorea formicigenerans KCTC BHIS 37
15690

27 Enterococcus faecium KCTC 13 225 BHIS 37

28 Escherichia coli KCTC 2441 BHIS 37

29 Akkermansia muciniphila ATCC BHIS 37
BAA-835

30 Escherichia coli O157:H7 ATCC BHIS 37
43 895

31 Listeria monocytogenes ATCC BHIS 37
19115

reactions were performed at 37°C for 2 min and stopped by
boiling for 5 min. For gastric phase digestion, 2 ml simulated
gastric fluid (SGF) electrolyte stock solution (6.9 mmol/L KCI,
0.9 mmol/L KH,PO4, 25 mmol/L NaHCOs, 47.2 mmol/L NacCl,
0.1 mmol/L MgCl,(H,0)6, 0.5 mmol/L (NH4),COs, 0.15 mmol/L
CaCly(H,0),, pH 7.0) was mixed with 80 mg oligosaccharides,
2000 U/mL gastric enzymes (pepsin from porcine gastric mucosa
3200-4500 U/mg protein, Sigma), and 0.075 mM CaCl,. The reac-
tions were performed at 37°C for 2 h and stopped by boiling for
5 min. For intestinal phase digestion, 2 ml simulated intestinal



fluid (SIF) electrolyte stock solution (6.8 mmol/L KCl, 0.8 mmol/L
KH,PO4, 85 mmol/L NaHCOs, 38.4 mmol/L NaCl, 0.33 mmol/L
MgCl,(H,0)6, 0.6 mmol/L CaCl,(H,0),, pH 7.0) was mixed with
80 mg oligosaccharides and 100 U/mL pancreatin (pancreatin
from porcine pancreas, Sigma). The reaction was then performed
at 37°C for 4 h and stopped by boiling for 5 min. For digestion of
the intestinal brush border membrane, 2 ml fresh SIF was mixed
with 80 mg oligosaccharides and 2.89 U/mL (maltase activity)
of the brush border membrane vesicle (BBMV) enzyme isolated
from pig small intestine. The reaction was then carried out at
37°C for 4 h and stopped by boiling for 5 min. The digestion ratios
of oligosaccharides in the oral, gastric, intestinal, and BBMV
phases were determined based on the free sugar content released
during digestion. The reducing sugar content was analyzed using
the DNS assay described by Miller (1959). After mixing the DNS
solution (300 uL) with 100 uL of each sample, the mixture was
heated in boiling water for 5 min and cooled on ice for 5 min.
Subsequently, 300 ul of the solution was transferred into each
well of a 96-well plate and the absorbance was measured at
550 nm. The reducing sugar content was calculated using a stan-
dard curve. In addition, glucose concentrations were analyzed
using high-performance liquid chromatography (HPLC) (Young
Lin, Yongin, Korea) with a Shodex Asahipak NH2P-50 4E column
(Shodex, Showa Denco, Tokyo, Japan).

Individual cultivation of bacterial species

To investigate the capability of oligosaccharides, as carbon
sources for intestinal bacteria, the strains listed in Table 1 were
individually cultivated in glucose-free MRS or BHI medium con-
taining 1% oligosaccharides (w/v) at their optimal temperatures
for 24 h. Thereafter, their growth (ODgoo nm) and pH changes were
measured.

Co-cultivation using transwell system

To investigate the interactions of different microbial species with
each oligosaccharide, a co-cultivation method was employed us-
ing 12-well transwell insert plates (Costar, Washington, DC, USA).
First, Bacteroides (Ba.) xylanisolvens was inoculated into the lower
chamber of the plates, and precultured Lactiplantibacillus (L.) plan-
tarum, Lactobacillus (L.) gasseri, Lactobacillus (L.) helveticus, Bifidobac-
terium (Bi.) longum, and Akkermansia (Ak.) muciniphila were individ-
ually inoculated into the upper chamber. The plates were incu-
bated at 37°C for 24 h under anaerobic conditions (Vinyl Anaer-
obic Chambers; Coy Lab, Grass Lake Charter Township, MI, USA).
Microbial growth in each chamber was analyzed by measuring the
optical density at 600 nm after 24 h of cultivation.

In vitro fecal fermentation

The in vitro human fecal fermentation of oligosaccharides was
conducted according to an established protocol (Moon et al. 2016).
In detail, 300 ml capacity of water-jacketed fermenter vessels
and basal growth medium (2 g/L peptone water, 1 g/L yeast ex-
tract, 0.1 g/L NaCl, 0.04 g/L K,HPO,, 0.04 g/L KH,PO,, 0.01 g/L
MgS0,-7H,0, 0.01 g/L CaCl,-2H,0, 2 g/L NaHCOs, 0.5 g/L bile salts,
0.5 g/L L-cysteine hydrochloride, 50 mg/L hemin, 10 pL/L vitamin
K1, and 2 ml/L Tween 80) were used for the fermentation. Bile
salts, L-cysteine hydrochloride, hemin, MgS047H,0, and NaHCOs
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tween
80 was purchased from VWR (Radnor, PA, USA). Vitamin K1 was
purchased from Wako Pure Chemical Industries (Osaka, Japan).
Peptone water and yeast extract were purchased from BD Bio-
sciences (Franklin Lakes, NJ, USA). CaCl,2H,0, KyHPOy4, KHyPOy,
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and NaCl were purchased from Junsei (Tokyo, Japan). A total of
135 ml medium was inoculated with 15 ml 10% (w/v) fecal slurry,
prepared by homogenizing freshly voided adult feces in 0.1 M
phosphate-buffered saline (PBS) (pH 7.0). Fresh fecal samples were
collected from 13 healthy adults who had not received antibiotics
or pre/probiotics and had no recent history of gastrointestinal
disorders. The study protocol and consent forms were approved
by the Institutional Review Board of Chungbuk National Univer-
sity (CBNU-201905-BR-839-01). All collected feces were mixed and
used as a sample. Oligosaccharides were added at a final concen-
tration of 1% (w/v). The slurry in each vessel was magnetically
stirred, and the pH and temperature were maintained at pH 6.8
and 37°C, respectively. The anaerobic conditions were maintained
by sparging the vessels with oxygen-free nitrogen gas at a flow
rate of 15 ml/min. Samples (5 ml) were taken at 12 h and 24 h for
the analysis of bacterial composition and metabolites.

Microbial change analysis using 16S rRNA gene
amplicon sequencing

The fecal bacterial communities in the in vitro fecal fer-
mentation samples were determined using tag-encoded 16S
TRNA gene MiSeg-based sequencing (Illumina, San Diego, CA,
USA). The 16S rRNA gene was amplified using a primer
set of 341-F (5-CCTACGGGNGGCWGCAG-3') and 785-R (5'-
GACTACHVGGGTATCTAATCC -3') (Klindworth et al. 2013) com-
patible with the Nextera Index Kit (Illumina). Sequencing anal-
ysis was conducted by Macrogen, Inc. (Seoul, Korea) using the II-
lumina MiSeq platform. Raw sequences were trimmed using a Se-
gpurge adapter trimmer (Sturm et al. 2016), and the resulting data
were analyzed using QIIME2 (Bolyen et al. 2019) and the DADA2
pipeline (Callahan et al. 2016). Taxonomic assignment was per-
formed based on the SILVA 132 reference database (https://www.
arb-silva.de/documentation/release-132/) for bacteria (Quast et
al. 2012). Sequence alignment was performed using MAFFT (Ka-
toh and Standley 2013).

Metabolite analysis

The production of various metabolites during in vitro fecal fer-
mentation was analyzed using proton nuclear magnetic reso-
nance (*H-NMR), following the methods of Lee et al. (2011). In brief,
the extracts were recovered using centrifugation after agitating
the dissolved samples in a water bath at 60°C for 30 min. The
supernatant was then mixed with an equal volume of deionized
water containing 10% deuterium oxide (D,0) and 1 mM sodium
2,2-dimethyl-4-silapentane-1-sulfonic acid (DSS); the pH of the
mixture was adjusted to 6 £+ 0.01. The mixtures (700 pL) were
transferred into 0.5-mm NMR tubes, and 'H-NMR spectra were ac-
quired on a Varian INOVA 400 MHz NMR spectrometer (Varian Inc.,
Palo Alto, CA, USA). Individual spectra were identified and quanti-
fied using the Processor and Profiler module of the Chenomx NMR
suite, V.6.1 (Chenomzx, Inc., Edmonton, Alberta, Canada).

Inhibitory activity of oligosaccharides against
adhesion of E. Coli onto epithelial cells

Caco-2 cells were added to a 24-well tissue culture plate con-
taining 1 ml of Dulbecco’s modified Eagle’'s medium (DMEM,; Cy-
tiva, Marlborough, MA, USA) at a concentration of 4.7 x 10°
cells/well and incubated at 37°C in an atmosphere of 5% CO, for
2 weeks. Oligosaccharides suspended in DMEM at a concentration
of 10 mg/mL were dispensed into the wells, incubated for 1 h, and
washed with PBS to remove unbound oligosaccharides. Then, E.
coli O157: H7 precultured at 37°C for 12 h was suspended in DMEM
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Table 2. Hydrolysis of oligosaccharides in each digestion phase.

Sample FOS  Ad-FOS RMD MOS
Reducing Oral 0.11 0.08 0.42 2.33
sugar contents
(a%")
Gastric 0.64 0.25 0.34 0.95
Intestinal 0.01 0.4 0.51 2.78
BBMV 0.72 0.96 6.45 7.66
Total** 1.49 1.69 7.71 17.55
Glucose (or Oral e - 0.31 0.2
fructose)
contents (A%)
Gastric 0.37 0.18 0.22 0.17
Intestinal - - 0.42 2.4
BBMV - - 2.12 7.62
Total 0.37 0.18 5.74 10.3

*Changes in reducing sugar and glucose (or fructose) contents were calculated
as (each content after digestion)—(each content before digestion).

**Total values were calculated as (total increment of reducing sugar and glu-
cose (or fructose) content/initial sample weight) x100

=+’ means that there was no detection using HPLC analysis.

at a concentration of 10° colony-forming units (CFU)/mL, and 1 ml
was added to each well. After incubation for 1 h, non-adherent E.
coli were removed by washing twice with PBS, and the attached E.
coli were treated with a separation solution containing 0.1% Triton
X-100 and 0.1% trypsin-EDTA (Sigma) for 15 min. The number of
adherent E. coli was counted using BHI agar plates after appropri-
ate dilution and incubation at 37°C for 48 h.

Statistical analysis

Statistical analyses were performed using the SPSS software (ver-
sion 22.0; SPSS Inc., Chicago, IL, USA). Data analysis was per-
formed using the independent t-test to determine the differences
(P < 0.05) between the two groups. Descriptive (mean and standard
deviation) were conducted to determine the differences between
multiple groups. The Shapiro Wilk test was used to determine the
normality of the relative abundance of each group microbiome
prior to one-way ANOVA. One-way analysis of variance (ANOVA
followed by Tukey'’s test; for normally distributed data) was used
to compare significant differences in relative abundance between
the initial and each group microbiome, and all p-values were cor-
rected via FDR correction. Statistical significance was set at P <
0.05. All analyses were performed in duplicate or triplicate, as in-
dicated.

Results

Digestibility of oligosaccharides

The digestibility of each oligosaccharide was evaluated using an
in vitro digestion system. Reducing sugar was measured using a
DNS assay to determine the degree of digestion by both endo- and
exo-hydrolases (Park et al. 2015), and released glucose was ana-
lyzed using HPLC to determine the degree of complete digestion.
As shown in Table 2, after hydrolysis of the oligosaccharides using
an in vitro digestion system, the reducing sugar contents in FOS,
Ad-FOS, RMD and MOS were 1.49%, 1.69%, 7.71%, and 17.55%, re-
spectively. In addition, the released glucose contents were 0.37%,
0.18%, 5.74%, and 10.3%, respectively. Comparing the results, FOS
and Ad-FOS showed the lowest digestibility, which means that
most of them could reach colon, and RMD showed moderate di-
gestibility, and MOS showed relatively high digestibility, indicating
that only a partial amount could reach the colon.

Individual cultivation

To investigate the utilization of prebiotics by microorganisms,
each oligosaccharide was added to the culture media as the sole
carbon source, and the growth of 31 microbial strains was ana-
lyzed after 24 h (Fig. 1). When FOS was tested, L. plantarum showed
significant growth (ODgop = 0.77), followed by L. gasseri, Lacto-
bacillus (L.) acidophilus, Ligilactobacillus (L.) salivarius, Ba. vulgatus,
Ba. xylanisolvens, Bi. breve, Bi. longum, Ba. ovatus, and Limosilacto-
bacillus (L.) fermentum (Fig. 1A). Ad-FOS showed higher maximum
cell growth than FOS, although the growth patterns were iden-
tical for both (Fig. 1B). For RMD, L. plantarum showed significant
cell growth (ODggo = 0.47), followed by Ba. xylanisolvens and Ba.
ovatus (Fig. 1C). When MOS was tested, L. gasseri showed signifi-
cant cell growth (ODgoo = 1.00), followed by L. plantarum, Ba. ova-
tus, L. helveticus, Bi. longum, Ba. vulgatus, Ba. xylanisolvens, L. fermen-
tum, Bi. breve, Bi. lactis, Ba. Uniformis, and Limosilactobacillus reuteri
(Fig. 1D). Whereas, among the harmful and pathogenic bacteria, E.
coli 0157: H7 showed significant cell growth (ODggo = 0.77) in FOS
and Ad-FOS. In all cultures, pH values decreased along with the
growth of the cells. In summary, FOS, Ad-FOS, and MOS showed
broad availability by the strains used, but RMD showed narrow
availability only by L. plantarum and some Bacteroides spp.

Co-cultivation of dual bacteria in a transwell
plate

Recent research by Smith et al. (2019) defined cross-feeding as ‘an
interaction between bacterial strains in which molecules result-
ing from the metabolism of one strain are further metabolized
by another strain’. Cross-feeding interactions between Bacteroides
and other microorganisms have been well established (Luis et
al. 2018, Murakami et al. 2021, Kim et al. 2022). In the present
study (Fig. 1), Bacteroides grew in all individual cultures containing
each oligosaccharide, indicating the possibility of cross-feeding.
To investigate the cross-feeding hypothesis, co-cultivation was
performed using a transwell system, where Ba. xylanisolvens was
cultured with the probiotic bacteria L. plantarum, L. gaseri, L. hel-
veticus, Bi. longum, and Ak. muciniphila which were not grown in
the previous individual cultivation test. As shown in Fig. 2, when
they were cultured in the medium containing RMD, three pro-
biotic species, L. plantarum, L. gasseri, and L. helveticus, showed
significantly higher cell growth compared with the cases of sin-
gle cultivations. The three bacterial species metabolized RMD
during co-cultivation with Ba. xylanisolvens but did not utilize it
well in individual cultivation (Fig. 1). These results indicate that
Ba. xylanisolvens may confer a cross-feeding effect to facilitate
the growth of other beneficial bacteria during co-culture in RMD
medium.

Changes in gut microbial community during
fecal fermentation

To investigate the effects of oligosaccharides on the intestinal mi-
crobial community, in vitro fecal fermentation was conducted us-
ing a fresh human fecal mixture and 1% oligosaccharides. The
bacterial communities in the fecal samples were determined
using tag-encoded 16S rRNA gene MiSeq-based sequencing. As
shown in Table S2, the raw sequences were trimmed, and the re-
sulting data were analyzed; the average values of total reads, GC
content, and Q30 were 319449, 54%, and 80%, respectively. The mi-
crobial changes at the phylum and genus levels are shown in Fig.
S1 (Supporting Information) and summarized in Fig. 3. At the phy-
lum level, Bacteroidetes increased mainly in RMD (44.96%); Acti-
nobacteria increased in FOS (20.46%) and Ad-FOS (14.62%); and
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Figure 1. Changes in cell density and pH after cultivation of individual gut microbiota in optimal medium containing oligosaccharides for 24 h. (A)
fructooligosaccharides (FOS), (B) Ad-fructooligosaccharides (Ad-FOS), (C) resistant maltodextrin (RMD), and (D) maltooligosaccharides (MOS).

Firmicutes increased in FOS (60.96%), Ad-FOS (77.51%), and MOS
(71.00%) after 24 h. In addition, at the genus level, Bifidobacterium
spp. increased mainly in FOS (19.92%) and Ad-FOS (14.33%), fol-
lowed by MOS and RMD, after 24 h. Bacteroides increased mainly
in RMD (23.81%), whereas Lactobacillus did not increase in any
tested oligosaccharides. Therefore, the oligosaccharides used in
this study increased the abundance of beneficial and commensal
microorganisms, and FOS, a well-known prebiotic, was the most
effective for increasing Bifidobacterium spp.

Analysis of fermentation metabolites

Synthesis of short-chain fatty acids

Within addition to in vitro fecal fermentation, the amounts of
SCFAs (acetate, propionate, butyrate, and lactate) were analyzed
(Fig. 4). Acetate and lactate were highly produced by FOS (54.13 +
5.77 mM), RMD (31.38 & 1.70 mM), Ad-FOS (63.20 & 9.31 mM) after
24 h.In addition, propionate and butyrate were highly produced by
RMD (31.38 &+ 1.70 and 6.17 + 0.78 mM) after 24 h. Fermentation
of FOS resulted in high production of acetate and lactate show-
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Figure 2. Differences in cell growth during single culture and co-culture of Bacteroides xylanisolvens KCTC 15192 with Lactiplantibacillus plantarum,
Lactobacillus gasseri, Lactobacillus helveticus, Bifidobacterium longum, and Akkermansia muciniphila in optimal media containing maltodextrin (RMD) as

carbon source after 24 h cultivation.

ing concentrations of 54.13 £ 5.77 mM and 47.27 £+ 1.94 mM after
24 h, respectively, while fermentation of Ad-FOS showed higher
production of (63.20 £+ 9.31 mM) than acetate (34.41 + 3.16 mM).
This result is consistent with the data presented in Fig. 3, show-
ing a higher increase in the growth of Bifidobacterium spp. in FOS
than in Ad-FOS. Fermentation of MOS showed a similar pattern of
SCFA production to that of Ad-FOS. However, fermentation of RMD
resulted in high production of acetate and propionate at concen-
trations of 44.26 + 4.60 mM and 31.38 + 1.70 mM, respectively.
This result is also consistent with the result presented in Fig. 3,
which shows a significant increase in the growth of Bacteroides. In
summary, acetate was highly produced in oligosaccharides in the
order FOS, MOS, RMD, and Ad-FOS, whereas propionate was highly
produced only in RMD.

Metabolite changes

The metabolites produced during gut fermentation significantly
affect human and animal health. Betaine, a choline compound
involved in cardiovascular diseases, is converted into trimethy-
lamine (TMA) by the gut microbiome and oxidized to trimethy-
lamine N-oxide (TMAO) in the liver (Wang et al. 2011, Tang et al.
2019). During the in vitro fecal fermentation of the oligosaccha-
rides tested, changes in indole derivatives, choline metabolites,
phenolic derivatives, vitamins, polyamines, and amino acids were
analyzed (Fig. 5; Table S1 and Fig. S2, Supporting Information).
Among the choline compounds, the concentration of betaine was
maintained for up to 24 h in RMD, and it was less degraded in the
order MOS, FOS, and Ad-FOS. Consistent with this result, TMA was

less produced in the order RMD, MOS, FOS, and Ad-FOS. Therefore,
RMD is the promising oligosaccharide among the tested samples
in terms of the low conversion of betaine to TMA, which is related
to cardiovascular diseases.

Inhibition of E. Coli adhesion on human epithelial cells

To investigate the ability of oligosaccharides to inhibit the adhe-
sion of E. coli O157: H7 to the intestine, Caco-2 cells were treated
with oligosaccharides, and the number of E. coli attached to the
cells was measured (Fig. 6). As a result, the colony-forming unit
(CFU) of E. coli attached to 100 cells without oligosaccharides were
334.24 CFU/100 cells, and the adhesion rate was 6.35%. All four
prebiotic candidates inhibited the adhesion of pathogenic E. coli
and their inhibition efficiencies were similar (p<0.05), with ad-
hered bacterial counts ranging 138.59-220.11 CFU/100 cells and
adhesion rates ranging 2.64-4.19%. These results indicate that
the four oligosaccharides inhibited the adhesion of pathogenic Es-
cherichia coli to human epithelial cells to a similar extent.

Discussion

In the in vitro digestion analyses, the prebiotic oligosaccharides
tested showed low digestibility at all digestion stages. FOS and
Ad-FOS were weakly degraded at each digestion step because of
the B-(1—2) bonds in their structures (Krupa-Kozak et al. 2016),
as has been reported in other studies (Nobre et al. 2018). How-
ever, RMD and MOS showed relatively higher degradation rates
during the BBMV digestion step due to its enzyme activity to de-
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Figure 6. Adherence inhibition of E. coli O157: H7 to Caco-2 cells in the presence of oligosaccharides. Blank, (E. coli 0157: H7 only); FOS,
fructooligosaccharide addition; Ad-FOS, Ad-fructooligosaccharide addition; RMD, resistant maltodextrin addition; MOS, maltooligosaccharide addition.

grade disaccharides and oligosaccharides. BBMV contains vari-
ous enzymatic complex that are mainly involved in «(1—4) bond
cleavage, and may also participate in «(1—2) and «(1—6) bond
cleavage (Hooton et al. 2015). Representative enzymes in BBMV are
the sucrase-isomaltase complex associated with the cleavage of
a(1—2), «(1—4), and «(1—6) bonds and maltase, which degrades
a(1—4) and «(1—6) bonds. In addition, the maltase-glucoamylase
complex is present in BBMV (McConnell et al. 2011). Moreover,
Kondo et al. (2017) reported that the digestion rates of various
RMDs by BBMV extracted from rat small intestine were approxi-

mately 25%, similar to that of the present study. Lee and Hamaker
(2018) also reported that human mucosal maltase and glucoamy-
lase mainly contribute to the hydrolysis of MOS. Therefore, FOS
and Ad-FOS are slightly digested by digestive enzymes, and most
can reach the large intestine, whereas RMD and MOS show rel-
atively high digestibility and only a fraction can reach the large
intestine.

For investigating the effects of foods or ingredients on the gut
microbiome, in vivo experiments in humans or animals are the
best models. However, these models are difficult to analyze by fac-



tors such as age, sex, diet, geography, genetic background, and an-
tibiotic use (Venema and van den Abbeele 2013). Additionally, they
are expensive and time-consuming and have limitations that are
difficult to control. Therefore, effective alternatives such as in vitro
gut models are needed to study prebiotic effects by controlling
these factors (Roupar et al. 2021). In vitro models are invaluable
tools for scientists to investigate the effects of foods and func-
tional materials on the gut microbiome, providing easy, fast, and
inexpensive means of using one or more gut regions (Roupar et al.
2021). Furthermore, the in vitro gut model can utilize pure, mixed
cultures or human feces by precisely controlling pH and tempera-
ture from batch to continuous culture which provides similar re-
sults to in vivo experiments (Song et al. 2004). However, in vitro
models have limitations such as difficulties in the absorption of
metabolites and water and incapable adhesion of microbiome on
the intestinal epithelial cells, even though models using dialy-
sis membrane have been developed (Le Blay et al. 2010; Van den
Abbeele et al. 2010).

The fermentability of the prebiotic oligosaccharide was ana-
lyzed in individual cultures. The 31 microorganisms used in this
study were selected among the culturable species that play an im-
portant role in health and the intestinal ecosystem. Lactobacillus
spp. (now reclassified as Limosilactobacillus, Lactiplantibacillus, Lacti-
caseibacillus, and Lactobacillus spp.) and Bifidobacterium spp. are the
most well-known beneficial bacteria and provide health benefits
by producing SCFAs. Accordingly, the Korean Ministry of Food and
Drug Safety (MFDS) approved 17 species (No. 1-17 in this study) of
Lactobacillus spp. and Bifidobacterium spp. as probiotics. In addition,
Bacteroides spp. are symbiotic bacteria that can break down var-
ious polysaccharides and form a symbiotic relationship between
intestinal microbes (Wexler and Goodman 2017). Furthermore, the
harmful bacteria used in this study were microorganisms associ-
ated with various diseases and food poisoning. The total 31 strains
including beneficial, commensal, and harmful bacteria, were used
in this study (Table 1). Among the 17 probiotics, in FOS containing
medium, Bi. longum, Bi. breve, L. salivarius, L. gasseri, L. acidophilus,
L. plantarum, and L. fermentum were cultured individually. Ad-FOS
showed identical patterns of cell growth but higher optical den-
sities than FOS. In in vitro fecal fermentation with FOS and Ad-
FOS, Bifidobacterium spp. increased the most, and Bacteroides spp.
decreased relatively. Inulin, oligofructose, and fructooligosaccha-
ride, possessing B(2— 1) bonds, are the most studied prebiotics. Ac-
cording to Meyer and Stasse-Wolthuis (2009), the administration
of inulin and FOS extracted from chicory to adult participants had
an important bifidogenic effect on the composition of the colonic
microbiota. Interestingly, the microbial diversity patterns of FOS
and Ad-FOS were different, and the bifidogenic effect of FOS was
greater than that of Ad-FOS. The content of 1-kestose (GF2) in
FOS and Ad-FOS was 38.69% and 87.96%, respectively. Tochio et
al. (2018) reported that Bifidobacterium spp. grew faster and more
abundantly in medium with 1-kestose than nystose (GF3), which
is consistent with the results of the present study. In contrast, San-
nohe et al. (2008) reported a species-dependent preference of Bifi-
dobacterium spp. for GF2 or nystose (GF3), the major components of
FOS. Based on these results, the different ratios of components in
Ad-FOS and FOS, and the type of strain in the cultures may change
their bifidogenic effects. Similarly, in the individual culture, AD-
FOS showed a higher bifidogenic effect than FOS; however, in the
mixed culture, the bifidogenic effect of FOS was greater than that
of Ad-FOS. Whereas pathogenic E. coli O157: H7 was grown in sin-
gle culture supplemented with FOS, but its adverse effects on the
actual intestine will be prevented by Bifidobacterium spp. in the gut,
which are known to inhibit E. coli 0157: H7 (Fukuda et al. 2011).
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Meanwhile, in our result of MOS-containing media, many strains
were grown in the order of L. gasseri, L. plantarum, Ba. ovatus, L. hel-
veticus, Bi. longum, Ba. vulgatus, Ba. xylanisolvens, L. fermentum, Bi.
breve, E. coli, Bi. lactis, Ba. uniformis, and L. reuteri. According to Crit-
tenden and Playne (1996), only a small portion of MOS reaches the
colon due to its hydrolysis and absorption in the intestine; thus,
its prebiotic effects on the gut were insignificant despite the fer-
mentability of many commensal and beneficial microorganisms.
Taken together, FOS, Ad-FOS and RMD were regarded as relatively
effective prebiotics for the growth of beneficial microbes among
the tested, although all oligosaccharides showed growth stimula-
tion activities for commensal and beneficial microorganisms.

ISAPP proposed a broad definition of a prebiotic as ‘a sub-
strate that is selectively utilized by host microorganisms confer-
ring a health benefit’ (Gibson et al. 2017). When analyzing selec-
tive utilization of a substrate, it is necessary to consider the eco-
logical relationships of beneficial bacteria with commensal and
harmful bacteria owing to cross-feeding phenomenon in micro-
biome. Cross-feeding is defined as a symbiotic microbial interac-
tion in which specific microorganisms break down complex com-
pounds into low-molecular-weight substances that are used for
the growth of other microorganisms (Sung et al. 2017). There-
fore, it was predicted that there would be a cross-feeding inter-
action between microorganisms during the co-cultivation of dual
bacteria. As shown in Fig. 1, Bacteroides spp. showed broad fer-
mentability for all oligosaccharides used in this study. They have
polysaccharide utilization loci, which encodes various glycolytic
enzymes; therefore, they can degrade various poly- and oligosac-
charides, such as RMD (Grondin et al. 2017). As shown in Fig. 2,
when Ba. xylanisolvens was cultured in the medium containing
RMD, three probiotic species, L. plantarum, L. gasseri, and L. helveti-
cus, showed significantly higher cell growth compared with the
single cultivations. These results indicate that Ba. xylanisolvens
could confer a cross-feeding effect to facilitate the growth of other
beneficial bacteria during co-culture in RMD medium. However,
the same distinct change was not observed in in vitro fecal fermen-
tation with RMD (Fig. 3). While the abundance of Bacteroides spp.
significantly increased after consumption of RMD, the abundance
of Bifidobacterium spp. slightly increased (p<0.05), but Lactobacillus
spp. decreased. Rosch et al. (2015) reported a similar result; RMD
enriched the abundance of Bacteroides spp., whereas the abun-
dance of Bifidobacterium spp. and Lactobacillus spp. decreased af-
ter in vitro fecal fermentation. These results imply that the cross-
feeding effect demonstrated in the co-cultivation experiment fo-
cusing on dual interactions may not be generalized in fecal fer-
mentation, where a complex interaction exists in the microbial
ecosystem.

In the analyses of SCFA produced from in vitro fecal fermenta-
tion, acetate and lactate were mainly produced in FOS, Ad-FOS,
and MOS, while acetate and propionate were produced in RMD.
Propionate plays a role in weight and blood sugar control by in-
hibiting lipogenesis in the liver, and together with acetate, it stim-
ulates FFAR? (free fatty acid receptor) to suppress the secretion of
ghrelin (an appetite-increasing hormone). Therefore, these results
indicate that oligosaccharides are fermented by human fecal mi-
crobiota to produce a large amount of SCFAs, which is beneficial to
human health. In the metabolome analysis, the amount of betaine
decreased as fermentation progressed along with an increase in
TMA because betaine was converted to TMA by the intestinal mi-
croflora (Tang et al. 2019). However, TMA is absorbed into the body,
moves to the liver, and is subsequently converted to TMAO in the
liver, causing various cardiovascular diseases, such as arterioscle-
rosis and myocardial infarction. Gut microbiome that converts be-
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taine into TMA are mainly Proteobacteria, Firmicutes, and Acti-
nobacteria, but Bacteroidetes cannot (Craciun and Balskus 2012).
Therefore, the health benefits of the remaining betaine and the
reduced risk of cardiovascular disease are expected, as RMD sup-
plementation will lower the conversion of betaine to TMA, with an
increased abundance of Bacteroides spp. In comparison, in RMD-
containing media, the TMA concentration was maintained until
24 h, whereas in the medium containing FOS, Ad-FOS, or MOS, a
high amount of TMA was produced.

In conclusion, the oligosaccharides tested in this study showed
typical prebiotic effects to promote the growth of beneficial and
commensal bacteria and produce SCFAs. However, their action
patterns and efficacy in the colon vary owing to their different di-
gestibility, fermentability, and cross-feeding interactions in com-
plex microbiome ecosystems. The analysis results obtained in
this study will provide comprehensive information of these sub-
stances to manufacturers and customers.
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