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Comparison of the prebiotic properties of native chicory and synthetic

inulins using swine fecal cultures

Inulin-type fructans are known to exert different effects on the fermentation
profile depending on the average and range of the degree of polymerization (DP).
Here, swine fecal cultures were used to investigate the prebiotic properties of
native chicory inulin (NIN), extracted from the chicory root, and synthetic imulin
(SIN), which has a narrower DP distribution than NIN. Both NIN and SIN
showed prebiotic effects, but NIN exhibited a significant decrease in pH and
increase in the production of propionate and butyrate compared to SIN. There
were also differences in the production of succinate and lactate, the precursors of
propionate and butyrate, and the relative abundance of associated genes.
Furthermore, NIN induced the growth of certain species of Bifidobacterium and
Lactobacillus more strongly than SIN. These results suggest that NIN and SIN
exhibit different prebiotic properties due to differences in DP, and that NIN

might be more beneficial to host health.

Keywords: inulin; prebiotics; gut microbiota; fermentation; short-chain fatty

acids

Introduction

The colon is colonized by a complex microbial community, referred to as the gut
microbiota, which is responsible for promoting normal intestinal function and protecting
the host from infection [1]. Disturbances of the gut microbiota, known as dysbiosis, are
associated with many diseases, such as obesity, diabetes, and gastrointestinal disorders
[2]. Along with alterations in the composition of the microbiota, changes in the

metabolic activity have also been observed. Many studies have suggested that the



metabolic activity of the gut microbiota is as or more important than the composition
[3]. For instance, short-chain fatty acids (SCFA) such as acetate, propionate, and
butyrate produced from the fermentation of carbohydrates are considered beneficial, as
they are a source of energy for the colon epithelium and inhibit the growth of potential
pathogens by lowering the luminal pH. There are growing interests in the involvement
of propionate and butyrate in host health [4,5]. Propionate exerts a hypolipidemic effect,
improves insulin sensitivity, relieves high blood pressure, and promotes satiety [6,7].
Butyrate improves intestinal barrier function and has anti-inflammatory, anti-cancer,
and anti-oxidant activities [6,7]. Metabolites such as ammonia, indole, and branched-
chain fatty acids (BCFA), derived from protein fermentation, are also produced by the
gut microbiota. Unlike SCFA, ammonia and indole have been suggested to have an
undesirable impact on host health [8].

Prebiotics, which are food ingredients, shape the microbial composition and
alter the production of SCFA. in the gut, resulting in improved host health [9,10].
Prebiotics, including some dietary fibers, are resistant to gastrointestinal digestion and
absorption, making them available in the colon for fermentation by specific
microorganisms relevant to host health. This effect is generally recognized as an
increase in the populations and/or activity of Bifidobacteria and Lactobacilli. A number
of prebiotics have been isolated from various plant sources and have been manufactured
industrially, each known to have different fermentability.

The best studied prebiotics are inulin-type fructans (ITF), including inulin,
oligofructose (OF), and fructooligosaccharides (FOS) [11]. ITF are linear polymers
found in various plants, including chicory roots, and are composed of D-fructose with
B-(2-1) fructosyl-fructose linkage and terminal a-glucose [12,13]. Food industries have

commercialized the use of ITF for food application, as they improve the taste and



texture of foods in addition to their function as a prebiotic. It is known that the degree of
polymerization (DP) of fructans affects both prebiotic and physicochemical properties,
including solubility and viscosity [12,14]. Native inulin (NIN) extracted from the
chicory root has a DP of 3 to 60 units, while OF, its partial enzymatic hydrolysis
product, and FOS generated by enzymatic transfer of fructosyl groups from sucrose,
have a DP of 2-10 [11]. Short-chain carbohydrates such as OF and FOS are fermented
faster than inulin [14]. Recently, synthetic inulin (SIN), a linear fructose polymer like
NIN, has been industrially produced from sucrose by an enzyme from Bacillus sp.
217C-1. Wada et al. [15] reported that the average DP of SIN was 16-18, and the range
of DP was less than 30 and narrower than that of NIN. SIN stimulates the growth of
several species of Bifidobacterium and Lactobacillus, suggesting that SIN can behave as
a prebiotic. Although NIN and SIN are both used as functional food ingredients and
dietary supplements, it is not clear whether NIN and SIN have similar fermentation
profiles and modulating effects on gut bacterial communities.

This study aimed to compare fermentation profiles of NIN and SIN by the swine
gut microbiota in vitro. We also investigated the potential of NIN and SIN to influence

the growth of specific bacterial groups.

Materials and methods

Materials

NIN Frutafit® IQ (range of DP 2 to 60, average DP 8 to 13) extracted from chicory root
was provided by Sensus (Roosendaal, The Netherlands). Commercially available SIN
(range of DP 5 to 30, average DP ~16) was purchased from Fuji Nihon Seito

Corporation (Shizuoka, Japan). The DP of each inulin was determined based on



manufacturer’s product information or published peer-reviewed papers [15-17].

Determination of molecular weight of NIN and SIN by gel permeation

chromatography (GPC}

Aqueous solution (1.0%) of NIN or SIN was passed through a filter with a pore size of
0.45 pm (Millex-LH; Merck Millipore, Cork, Ireland). The molecular weight of NIN
and SIN was determined using a Prominence GPC system (Shimadzu, Kyoto, Japan)
equipped with a refractive index detector (RID-10A; Shimadzu) and TSKgel
G2500PWXL (300 mmL. x 7.8 mm 1.D., Tosoh, Tokyo, Japan). The mobile phase was
water at a flow rate 0.5 mL/min, with a column temperature of 80°C. The detector
temperature was maintained at 40°C. The molecular weight was calibrated with

reference to pullulans standards (STANDARD P-82; Showa Denko, Tokyo, Japan).

In vitro fecal fermentation

Feces were collected from three swine fed an antibiotic-free diet and mixed in equal
amounts. The fecal sample was homogenized with three volumes of 0.9% saline
solution and filtered to remove large particles in an anaerobic chamber (BACTRON300;
Sheldon Manufacturing, OR, USA) containing 90% Nz, 5% Ha, and 5% COa, resulting
in a fecal slurry. Fermentation was performed using 1.7% (w/v) fecal slurry in
fermentation media based on the study conducted by Yu et al. [18], with some minor
modifications. NIN and SIN were added at a final concentration of 1.25% (w/v), while
blank cultures (no substrate) were used as controls. The initial pH was adjusted to 6.9,
followed by incubation in the anaerobic chamber at 37°C. Culture samples collected at
0, 12, 24, and 48 h were centrifuged at 10,000 rpm for 5 min. The pH value of each

supernatant was measured with a LAQUAtwin pH meter (Horiba, Kyoto, Japan), and



the supernatant and pellet were frozen separately at —80°C.

Analysis of organic acids by high performance liquid chromatography (HPLC)

A mixture of 0.45 mL of the culture supernatant and 1.0 mL of 0.5 N perchloric acid
was passed through a filter with a pore size of 0.45 um (Millex-LH; Merck Millipore).
The concentration of SCFA (acetate, propionate, and butyrate), lactate, succinate, and
BCFA (iso-butyrate and iso-valerate) in the samples was determined using a
Prominence HPLC system (Shimadzu) using a post-column reaction with a conductivity
detector (CDD-10A VP; Shimadzu). The separation of organic acids was achieved
using a Shim-pack SCR-102H HPLC column (300 mmL. x 8 mm L.D., Shimadzu), and
5 mM p-toluene sulfonic acid as the mobile phase. A mixture solution of 5 mM p-
toluene sulfonic acid, 20 mM Bis-Tris, and 0.1 mM EDTA was used as the reaction
solution. The flow rate was 0.8 mL/min, and the oven temperature was 40°C. The

detector cell temperature was maintained at 43°C.

Determination of ammonia and indole

Ammonia concentration was determined using an Ammonia-Test Wako kit (Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan) according to the manufacturer’s
instructions. The indole concentration was determined using p-dimethyl

aminobenzaldehyde reagent as described previously [19].

DNA extraction and quantitative real-time polymerase chain reaction (PCR)

analysis

Bacterial genomic DNA was extracted from 48 h samples using a NucleoSpin DNA

Stool Kit (Macherey-Nagel, Diiren, Germany) according to the manufacturer's



instructions. The concentration of extracted DNA was measured using a Tecan Spark
(Tecan, Zurich, Switzerland) and stored at —80°C until use. Amplification and detection
of purified bacterial DNA were carried out using a CFX384 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) with KOD SYBR ¢PCR Mix
(Toyobo, Tokyo, Japan) or Fast SYBR Green Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA). Table 1 shows the primer sequences used for all PCR analyses.
Propionate and butyrate are produced by pathways mainly via methylmalonyl-CoA
decarboxylase and butyryl-CoA:acetate-CoA transferase (BCoAT), respectively
[4,20,21]. The primers for mmdA, encoding methylmalonyl-CoA decarboxylase, and
BCoAT were used to quantify propionate and butyrate producers. As Bacteroides and
Prevotella, the major producers of propionate, are known to have different mmdA
sequences, we used specific mmdA primers for these two genera [22]. Amplification
using the KOD SYBR gPCR Mix was performed at 98°C for 2 min, followed by 40
cycles at 98°C for 10 s, the optimum annealing temperature (Table 1) for 30 s and 68°C
for 60 s. Amplification using the Fast SYBR Green Master Mix was performed at 95°C
for 10 min, followed by 39 cycles at 95°C for 15 s, and 60°C for 60 s. The cycle
threshold (Ct) of amplified products was detected using the manufacturer’s software.
Relative abundances of targeted bacteria and bacterial genes were determined by the Ct
method using the Ct values of primers to total bacteria as the reference. The reference
sample (control) has the 2 (! tamget - Ctiotal bacteria) yaTye of 1, A melt curve analysis was

performed to ensure primer specificity.

Statistics

All data are expressed as mean + standard deviation (SD). To investigate the effects of

NIN and SIN on pH and the concentrations of organic acids, ammonia, and indole, these



data were analyzed using two-way analysis of variance (ANOVA) for repeated
measures with the factors, treatment and time. When significant interactions (treatment
x time) were found (p < 0.05), one-way ANOVA, followed by Tukey’s post hoc test,
was used to analyze statistical significance for each time point. Relative abundances of
bacteria and bacterial genes were analyzed by one-way ANOVA with Tukey's post hoc
test. The analyses were performed using GraphPad Prism version 8.3.0 (GraphPad

Software, San Diego, CA, USA). p <0.05 was considered statistically significant.
Results

DP distribution of NIN and SIN

GPC was carried out to confirm the DP distribution of NIN and SIN. NIN had a peak
DP of 25.1, weight average DP (DPw) of 21.7, and number average DP (DPn) of 14.5,
while SIN demonstrated a peak DP of 22.3, DPw of 20.5, and DPn of 18.5 (Table 2).
The width of the distribution (polydispersity) of both inulins was measured as the ratio
of DPw to DPn (DPw/DPn). The DPw/DPn of NIN was 1.49 and that of SIN was 1.11,
indicating that the range of the DP of NIN was wider than that of SIN because a larger

DPw/DPn represents a wider distribution of molecular weight.

Changes in pH

Changes in pH in each sample were monitored for 48 h to investigate the progress of
fermentation in fecal cultures (Figure 1). The pH values of the control cultures
increased gradually after a slight decrease in pH was observed at 12 h. The two-way
ANOVA for repeated measures indicated a significant effect of treatment (F(2,12) =

809.6, p < 0.001) and a significant treatment x time interaction (F(4,24)=131.7,p <



0.001). The one-way ANOVA, followed by Tukey’s post hoc test, showed that NIN and
SIN had significantly lower pH values than the control at every time point. At 12 h,
NIN exhibited a significantly lower pH than SIN. The pH pattern was maintained
throughout the fermentation period. The lowest pH was achieved by NIN, with a value

of 6.10 at 48 h of fermentation.

SCFA concentration

The cumulative concentrations of SCFA during in vitro fecal fermentation were
measured. Acetate was the most-abundant SCFA in all groups, exceeding 60 mM at 48
h (Figure 2(a)). The two-way repeated measures ANOVA revealed a significant effect
of treatment (F(2,12) = 51.85, p <0.001) and a significant treatment % time interaction
(F(4,24)=11.90, p < 0.001). There were significant increases in acetate production with
NIN and SIN compared to those in the control at every time point as determined from
the one-way ANOVA analysis, followed by Tukey’s post hoc test. A significant
difference in the concentration of acetate between NIN and SIN was observed at 12 h,
but not after 24 h. The two-way repeated measures ANOVA revealed significant effects
of treatment and significant treatment x time interactions for concentrations of
propionate (treatment: F(2,12) = 715.5, p < 0.001, treatment x time: F(4,24) = 460.9, p
< 0.001), butyrate (treatment: F(2,12) = 1309, p <0.001, treatment x time: F(4,24) =
275.3, p <0.001), and total SCFA (treatment: F(2,12) =224.7, p <0.001, treatment x
time: F(4,24) = 89.56, p < 0.001). The fermentation of NIN and SIN resulted in a
significant increase in propionate after 24 h, compared to that in the control (Figure
2(b)). The concentration of propionate for NIN was significantly higher than that for
SIN at 24 and 48 h. Quantitative measurement confirmed a time-dependent increase in

butyrate production in NIN and SIN groups (Figure 2(c)). Interestingly, NIN showed



significantly higher butyrate production than SIN at every time point. The final butyrate
concentrations in NIN and SIN were 3.6 and 3.0 times higher than those in the control,
respectively. Total SCFA production tended to follow the same trend as that of acetate
(Figure 2(d)). In other words, the total SCFA for both inulin groups was significantly
higher than that of the control at every time point, with the levels in SIN being similar

to those in NIN at 48 h.

Lactate and succinate concentration

In the gut, lactate and succinate are precursors of propionate production, and some
butyrate producers can produce butyrate from lactate [4,21]. To elucidate the reasons
for the differences in the production of propionate and butyrate between the NIN and
SIN groups, we measured the concentrations of lactate and succinate during in vifro
fecal fermentation (Figure 3(a,b)). The two-way repeated measures ANOVA revealed
significant effects of treatment and significant treatment x time interactions for
concentrations of lactate (treatment: F(2,12) = 489.5, p < 0.001, treatment x time:
F(4,24) = 82.96, p < 0.001) and succinate (treatment: F(2,12) = 1897, p <0.001,
treatment x time: F(4,24) = 382.8, p < 0.001). Lactate and succinate production for NIN
and SIN was significantly increased at every time point, except for lactate in the SIN
group at 12 h, compared to that in the control. The concentrations of both organic acids
in the NIN group were significantly higher than those in the SIN group throughout the

fermentation.

BCFA, ammonia, and indole concentration

Gut bacteria can utilize proteins as an energy source if carbohydrates are not sufficiently

available, increasing the concentrations of potentially toxic end-products such as BCFA,

10



ammonia, and indole [8]. The two-way repeated measures ANOVA revealed significant
effects of treatment and significant treatment x time interactions for concentrations of
iso-butyrate (treatment: F(2,12) =43.79, p <0.001, treatment x time: F(4,24) =26.20, p
< 0.001), ammonia (treatment: F(2,12) = 45.43, p < 0.001, treatment x time: F(4,24) =
2.779, p <0.05), and indole (treatment: F(2,12) = 220.3, p < 0.001, treatment x time:
F(4,24) =43.27, p < 0.001). The iso-butyrate for NIN and SIN was significantly
reduced compared to that for the control at 24 and 48 h (Figure 3(c)); iso-valerate was
not detected in any samples. The concentrations of ammonia and indole were increased
in the control cultures after 12 h (Figure 4). The levels were significantly lower in the
NIN and SIN groups than in the control group at 24 and 48 h. There was no difference
in the inhibitory effects on the formation of iso-butyrate, ammonia, and indole between

the inulin-types.

Quantitative real-time PCR analysis of Bifidobacterium and Lactobacillus

species

It has been shown that inulin stimulates the growth of Bifidobacteria and Lactobacilli in
the colon [23]. We investigated the effects of NIN and SIN on the relative abundance of
several species of Bifidobacterium and Lactobacillus, which are known to be present in
the gut of humans and swine, in fecal fermentation samples after 48 h of incubation.
Increased abundances of the Bifidobacterium catenulatum group (comprising B.
catenulatum and Bifidobacterium pseudocatenulatum) and Bifidobacterium dentium
were observed the NIN and SIN groups compared to those in the control (Figure 5(a,b)).
Interestingly, the effects of NIN on the growth of the B. catenulatum group and B.
dentium were significantly stronger than those of SIN. The growth of Bifidobacterium

adolescentis was not promoted by NIN and SIN (Figure 5(c)). As shown in Figure 6,
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both inulins induced the growth of the Lactobacillus reuteri subgroup and Lactobacillus
fermentum but had no effect on the relative abundance of Lactobacillus salivarius. Of
note, NIN increased the relative abundance of the L. reuteri subgroup over SIN, while

NIN and SIN did not differ for the growth of L. fermentum.

Quantitative real-time PCR analysis of mmdA and BCoAT genes

The relative abundances of mmdA and BCoAT in the fermentation samples at 48 h were
examined to confirm the difference in the effects of NIN and SIN on the production of
propionate and butyrate (Figure 7). A significant increase in the relative abundance of
Bacteroides-associated mmdA was observed only with NIN. In contrast, the relative
abundance of Prevotella-associated mmdA was reduced by the incubation of both
inulins compared to that in the control. The addition of NIN and SIN to fecal cultures
resulted in significant increases in BCoA T after 48 h compared to that in the control.

The abundance of BCoAT for NIN was significantly higher than that for SIN.

Discussion

ITF are the most studied prebiotics and are widely used in commercial applications. ITF
have been reported to show beneficial effects on host health, such as promotion of
growth of Bifidobacteria and Lactobacilli, increased SCFA, and reduced protein
fermentation [23-25]. There are many studies on the prebiotic properties of NIN, OF,
and FOS, but only a limited number regarding SIN. The present study investigated the
prebiotic properties of NIN and SIN using in vitro swine fecal cultures. We found that
fermentations of both inulins increased SCFA production and reduced the concentration
of protein fermentation products. In addition, both inulins enhanced the growth of

several species of Bifidobacterium and Lactobacillus. These results are in line with
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previous studies that examined the prebiotic properties of NIN, OF, and FOS in human
and swine feces {24,26,27].

There were some notable differences in the fermentation profiles of NIN and
SIN. ITF with various averages and ranges of DP have been shown to exert different
influences on the fermentation capacity of gut bacteria [28]. Stewart et al. [27] reported
that FOS (DP < 10) was fermented rapidly and that inulin (DP > 10) was fermented
more slowly by the human gut microbiota in vifro. In particular, the differences in chain
length were clearly seen in the production of acetate and total SCFA [27]. The chain
length of inulin also seems to affect its fermentability by swine gut microbiota, as inulin
with a lower DP leads to a more rapid rate of SCFA production than that with higher DP
[24]. In this study, fermentation of NIN resulted in a higher production of acetate and
total SCFA than that of SIN at 12 h. However, the concentrations of acetate and total
SCFA for both inulins reached similar levels at 48 h. NIN contains higher levels of OF
(DP < 10) than SIN because NIN is an unfractionated, spray-dried inulin isolated from
chicory roots, although they both contain ITF of DP > 10 [15]. The OF present in NIN
might explain why NIN exhibits a more rapid increase in acetate and total SCFA than
SIN.

The dependence of shorter chain molecules of ITF on propionate production is
not as great as that of acetate and total SCFA. For instance, Kaur et al. [29] reported that
the fermentation of long-chain inulin (range of DP 10 to 60, average DP 25 [14,30])
resulted in the production of propionate to the same extent as that of FOS. Interestingly,
it has been shown that NIN and long-chain inulin fermentations produce more
propionate in vitro than those of OF and FOS [25,31]. We found a higher concentration
of propionate in the NIN group than in the SIN group at 24 and 48 h. The DP range of

NIN is from 3 to 60, while the maximum DP of SIN is less than 30. Longer chain
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molecules containing NIN might be more effective as fermentative substrates for
propionate production.

Propionate is synthesized from succinate via the succinate pathway or from
lactate via the acrylate pathway [21,32,33]. The notable increased production of
succinate and lactate by fermentation of NIN might explain why the concentration of
propionate was higher than that of SIN. Succinate is mainly produced in the gut by
bacteria belonging to the phylum Bacteroidetes, which are abundant in the gut
microbiota [20]; Bacteroides thetaiotaomicron and Bacteroides fragilis can ferment
inulin to produce succinate [34]. Furthermore, succinate levels and the relative
abundance of Bacteroides are increased in the cecum of mice fed FOS [35]. Therefore,
it is suspected that the significant amount of propionate following the fermentation of
NIN was due to the production of succinate by Bacteroides.

While there is consensus that ITF with a lower DP, such as FOS, leads to a more
rapid rate of butyrate production [24,27,29], the effect of chain length of ITF on the
amount of butyrate is controversial. For instance, Kaur et al. [29] showed that
fermentation of FOS resulted in a higher production of butyrate than did that of long-
chain inulin, while there are some reports that the chain length of ITF does not affect the
final amount of butyrate produced [24,26]. It has been reported that ITF with a wider
range of DP, such as NIN and oligofructose-enriched inulin (mixture of OF and long-
chain inulin), have a higher butyrate production than OF, FOS, and long-chain inulin
alone. Contrastingly, butyrate production by OF and FOS is equivalent to that by long-
chain inulin at the end of fermentation [26]. Therefore, it is suspected that both the
shorter and longer chain molecules of ITF are strongly involved in butyrate production.
This is in line with our finding that NIN with a wider range of DP showed significantly

higher butyrate production than SIN at every time point.
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Acetate and lactate generated by Bifidobacteria and Lactobacilli degrading ITF
are important to produce butyrate in the gut [36,37]. These metabolites are used as
substrates for butyrate-producing bacteria and induce the production of butyrate by
them. Bifidobacteria prefer short-chain ITF for the production of acetate and lactate,
while some Lactobacillus strains completely degrade long-chain inulin and produce
lactate [36,37]. This means that ITF with a wider range of DP can effectively induce
production of lactate for use as a substrate for butyrate-producing bacteria. In fact, the
present study showed that NIN fermentation produced more butyrate than SIN with a
narrow range of DP.

The succinate pathway is known as the main route for propionate formation and
is mainly found in the genera Bacteroides and Prevotella in the gut [20]. In these
bacteria, the succinate pathway is mediated by methylmalonyl-CoA decarboxylase,
which is encoded by mmdA [21,22]. The final step of butyrate formation is catalyzed by
BCoAT in butyrate-producing bacteria [22,38]. The NIN group had significantly higher
relative amounts of Bacteroides-associated mmdA and BCoAT than the control and SIN
groups. These results support the higher production of propionate and butyrate by NIN
fermentation. Unexpectedly, both inulin fermentations suppressed the relative
abundances of Prevotella-associated mmdA compared to that of the control. Chen et al.
[39] reported that fermentation of FOS by a Prevofella-dominated microbiota increased
propionate production compared to that by a Bacteroides-dominated microbiota, in an
in vitro fecal culture study. On the contrary, propionate production is increased in the
cecum of mice colonized with B. thetaiotaomicron, while propionate is not detected in
colonization of Prevotella copri [40]. Further research is needed to investigate whether

ITF induce the production of propionate in the genus Prevotella.
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The pH of the gut lumen is an indicator of fermentation and plays a role in
regulating the gut ecosystem. In this study, both inulins caused a decrease in pH, but the
pH drop due to NIN fermentation was significantly stronger than that due to SIN,
indicating that NIN was fermented to a greater degree by fecal bacteria. Lowering the
pH has potential positive effects on host gut health, as it has been shown to inhibit the
growth of some harmful bacteria. Furthermore, acidic pH can reduce protein
fermentation products such as BCFA, ammonia, and indole by inhibiting proteolytic
fermentation [8]. However, NIN and SIN equally reduced products of protein
fermentation in this study. It has been shown that the protein fermentation products
were suppressed to the same extent by the addition of ITF with various DPs [41],
indicating that the average and range of DP of ITF do not affect protein fermentation in
the gut. The inhibitory effects of ammonia and indole, considered potentially harmful to
host health, might not differ between NIN and SIN.

Prebiotics including ITF modulate the composition of gut microbiota at the
species level [42]. The quantitative real-time PCR results showed that NIN and SIN
have different prebiotic properties for several Bifidobacterium and Lactobacillus species
commonly present in the gut of humans and swine. Compared to SIN, NIN significantly
induced the growth of the B. catenulatum group and B. dentium among the three species
of Bifidobacterium and the L. reuteri subgroup among the three species of
Lactobaciilus, indicating that NIN and SIN are different not only in the metabolic
activity but also in changing the composition of gut microbiota. The increases of the B.
catenulatum group, B. dentium, and the L. reuferi subgroup in the gut are considered
beneficial for. host health [43-45].

We acknowledge a few limitations in this study. First, the in vitro model used

might not reflect the actual situation in vive. For instance, our model does not absorb
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metabolites such as SCFA produced as a result of fermentation. Therefore, unlike an in
vivo model, a reduction in pH occurs during the fermentation of inulin. On the other
hand, the notable results of this study were that NIN showed significantly higher
propionate and butyrate production than SIN at every time point, while acetate
production by SIN was similar to that by NIN at 48 h. It is difficult to confirm such
changes in fermentation metabolites over time in an in vivo study because the majority
of SCFA are absorbed by colonic epithelial cells [46]. We therefore selected this in vitro
model to examine the time-dependent differences in the fermentation properties of NIN
and SIN. Second, swine feces were used as inocula for this in vitro fermentation study.
It might be difficult to predict the effects of NIN and SIN on human health from our
results. It is known that there are large inter-differences in gut microbiota composition
in humans, and the composition and activity of gut microbiota are influenced by diet
[1]. Swine, unlike humans, always consume the same diet, which suggests that the inter-
individual differences in the gut microbiota composition in swine are smaller than those
in humans. Therefore, we used swine feces instead of human feces in this study for
more stable results. Swine have been used to assess the gut microbiota of humans
because of their similarities, including gastrointestinal function and nutritional
requirements [47]. In addition, the gut microbiota of swine has been reported to be
similar to that of humans, for example, in terms of diversity patterns and dominant
phyla [48]. Nevertheless, a fermentation assay using human feces might be required to
determine the effects of NIN and SIN on human gut microbiota.

In conclusion, the present study showed that NIN and SIN, including ITF with
DP > 10, exerted beneficial effects as prebiotics in vitro in swine fecal cultures.
However, NIN more strongly induced the production of propionate and butyrate and the

growth of certain species of Bifidobacterium and Lactobacillus than did SIN. These
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differences in prebiotic properties between the two inulins might be related to the fact
that NIN contains ITF with a wider range of DP than SIN. Taken together,
administration of NIN, rather than SIN, may elicit a better host response due to its
overall superior prebiotic properties; further investigation into the properties of NIN

will reveal its full potential.
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Table 1. Primers used for quantitative real-time PCR analysis.

Tarpet Primer sequence (5° to 3°) Annealing (°C)

Total bacteria ACTCCTACGGGAGGCAGCAG 60
ATTACCGCGGCTGCTGG

Bifidobacterium calenulatum group CGGATGCTCCGACTCCT 55
CGAAGGCTTGCTCCCGAT

Bifidobacterium dentium ATCCCGGGGGTTCGCCT 60
GAAGGGCTTGCTCCCGA

Bifidobacterium adolescentis CTCCAGTTGGATGCATGTC 60
TCCAGTTGACCGCATGGT
CGAAGGCTTGCTCCCAGT

Lactobacilius reuteri subgroup GAACGCAYTGGCCCAA 60
TCCATTGTGGCCGATCAGT

Lactobacillus fermentum CCTGATTGATTTTGGTCGCCAAC 60
ACGTATGAACAGTTACTCTCATACGT

Lactobacillus salivarius CGAAACTTTCTTACACCGAATGC 60
GTCCATTGTGGAAGATTCCC

Bacteroides-associated mmdd ATGTTCCTCACCGGACC 60
CGCCGATCACTTCGTACA

Prevotella-associated mmdA GGTACAGGTCAGGAGTAC 60
CAGATRCGGAAACGDGTGT

Butyryl-CoA:acetate-CoA transferase GCIGAICATTTCACITGGAAYWSITGGCAYATG 54

CCTGCCTTTGCAATRTCIACRAANGC

The primers for mmdA4 were used for detection of methylmalonyl-CoA decarboxylase.
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Table 2. Peak degree of polymerization (DP), weight average DP (DPw), number

average DP (DPn), and polydispersity (DPw/DPn) of native chicory inulin (NIN) and

synthetic inulin (SIN).
Inulin Peak DP DPw DPn DPw/DPn
NIN 25.1 217 14.5 149
SIN 223 205 18.5 111
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Figure legends

Figure 1. pH values during in vitro fermentation of native chicory and synthetic inulins.
Data are expressed as mean + SD (n = 4 to 5). Different letters at the same incubation
time indicate significant difference (p < 0.05). C, control (no substrate); NIN, native

chicory inulin; SIN, synthetic inulin,

Figure 2. Productions of SCFA during in vitro fermentation of native chicory and
synthetic inulins. The concentrations of (a) acetate, (b) propionate, (¢) butyrate, and (d)
total SCFA are expressed as mean + SD (n = 5). Different letters at the same incubation
time indicate significant difference (p < 0.05). C, control (no substrate); NIN, native

chicory inulin; SIN, synthetic inulin.

Figure 3. Productions of lactate, succinate, and iso-butyrate during i»n vifro fermentation
of native chicory and synthetic inulins. The concentrations of (a) lactate, (b) succinate,
and (c) iso-butyrate are expressed as mean + SD (n = 5). Different letters at the same
incubation time indicate significant difference (p < 0.05). C, control (no substrate);

NIN, native chicory inulin; SIN, synthetic inulin.

Figure 4. Productions of ammonia and indole during in vitro fermentation of native
chicory and synthetic inulins. The concentrations of (a) ammonia and (b) indole are
expressed as mean + SD (n = 5). Different letters at the same incubation time indicate
significant difference (p < 0.05). C, control (no substrate); NIN, native chicory inulin;

SIN, synthetic inulin.

Figure 5. Quantifications of Bifidobacterium species at 48 h of in vitro fermentation of
native chicory and synthetic inulins. The relative abundances of (a) B. catenulatum

group, (b} B. dentium, and (¢} B. adolescentis are expressed as mean = SD (n = 5).
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Different letters indicate significant difference (p < 0.05). C, control (no substrate);

NIN, native chicory inulin; SIN, synthetic inulin.

Figure 6. Quantifications of Lactobacillus species at 48 h of in vitro fermentation of
native chicory and synthetic inulins. The relative abundances of (a) L. reuteri subgroup,
(b) L. fermentum, and (c) L. salivarius are expressed as mean + SD (n = 5). Different
letters indicate significant difference (p < 0.05). C, control (no substrate); NIN, native

chicory inulin; SIN, synthetic inulin.

Figure 7. Quantifications of mmdA and BCoAT at 48 h of in vitro fermentation of native
chicory and synthetic inulins. The relative abundances of (a) Bacteroides-associated
mmdA, (b) Prevotella-associated mmdA, and (c) BCoAT are expressed as mean = SD (n
= 5). Different letters indicate significant difference (p < 0.05). C, control (no

substrate); NIN, native chicory inulin; SIN, synthetic inulin.
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Figure 6.
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