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ARTICLE INFO ABSTRACT

Keywords: In this study, dynamic variations in physicochemical characteristics of polysaccharides from ‘Wuyi rock’ tea
Oolong tea (WYP) at different simulated digestion and fecal fermentation stages in vitro were studied. Results revealed that
Polysaccharide

physicochemical characteristics of WYP were slightly altered after the simulated digestion in vitro, and its di-
gestibility was about 8.38%. Conversely, physicochemical characteristics of the indigestible WYP, including
reducing sugar, chemical composition, constituent monosaccharide, molecular weight, and FT-IR spectrum, were
obviously altered after the fecal fermentation in vitro, and its fermentability was about 42.18%. Notably, the
indigestible WYP could remarkably modulate the microbial composition via promoting the proliferation of
profitable intestinal microbes, such as Bacteroides, Lactococcus, and Bifidobacterium. Moreover, it could also
enhance the generation of short-chain fatty acids. The results showed that WYP was slightly digested in the
gastrointestinal tract in vitro, but could be obviously utilized by intestinal microbiota, and might possess the

Physicochemical property
Simulated digestion
Fecal fermentation
Intestinal microbiota

potential to improve intestinal health.

1. Introduction

Tea is considered as one of the most popular beverages around the
world, which is made from the fresh leaf of Camellia sinensis. Generally,
teas are divided into five classifications in China based on the different
processes, including green tea (un-fermented), white tea (slight-fer-
mented), oolong tea (half-fermented), black tea (full-fermented), and
dark tea (post-fermented) (Jiang et al., 2019). Oolong tea belongs to the
half-fermented products of the fresh leaf of C. sinensis, which is widely
consumed in south China and southeast Asia (Liu, Chen, Sun, & Ni,
2022). ‘Wuyi rock’ tea, one of the most famous and top-ranking sub-
categories of oolong tea, is famous for its typical ‘rock flavor’ of taste
(Guo et al., 2021; Liu et al., 2022). Generally, polysaccharides extracted
from teas have received increasing concerns owing to their promising
health-beneficial properties (Chen et al., 2016; Xu et al., 2021),
including anti-oxidant, anti-diabetic, anti-obesity, hepatoprotective,
immunomodulatory, and anti-tumor effects, as well as regulation of gut
microbiota. Specially, the anti-diabetic effect has attracted much
attention because the tea beverage is widely consumed for the treatment
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of diabetes mellitus in Japan, Korea, and China. Polysaccharides
extracted from oolong tea also possess remarkable antioxidant activity
and anti-diabetic effect, which have been identified as acidic poly-
saccharides (Chen, Qu, Fu, Dong, & Zhang, 2009; Chen, Wang, et al.,
2009; Guo et al., 2021; Wang et al., 2012; Xu et al., 2020). Nevertheless,
studies on the polysaccharides extracted from ‘Wuyi rock’ tea are
limited (Guo et al., 2021). Consequently, the study on physicochemical
structures and bio-functions of polysaccharides from ‘Wuyi rock’ tea
(WYP) is necessary, which is beneficial for further application of WYP as
functional foods and functional ingredients.

Generally, the biological functions of dietary polysaccharides are
closely associated with the metabolism from the stomach to the colon. In
recent years, accumulating studies have focused on the digestive
behavior and fermentation characteristic of dietary polysaccharides in
the human gastrointestinal tract by using in vitro models involving
mouth, stomach, small intestine, and large colon (Brodkorb et al., 2019;
Guo et al., 2021; Li, Yu, Wu, & Chen, 2020; Wu, He, et al., 2021).
Usually, dietary polysaccharides from natural resources can’t be entirely
digested or absorbed in stomach and small intestine, while can arrive to
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large colon to be fermented by human intestinal microbes (Li et al.,
2020; Wu, Fu, et al., 2021). Increasing experimental studies have proven
that the indigestible dietary polysaccharides can benefit the host via
promoting the growth of several beneficial bacterial, such as Bacteroides,
Lactobacillus, and Bifidobacterium, and enhancing the generation of
several metabolites by fermenting dietary polysaccharides, such as
short-chain fatty acids (SCFAs) (Li et al., 2020; Liu, Li, Yang, Sun, & Cai,
2021; Wang, Li, Huang, Fu, & Liu, 2019; Wu, Yuan, et al., 2021). Indeed,
SCFAs are associated with a low risk of metabolic syndromes (Rui et al.,
2019; Wang et al., 2019). Therefore, dietary polysaccharides seem to
exhibit several properties related to maintain host health, while the in
vitro digestive behavior and fermentation properties of WYP, as well as
its influence on the regulation of colonic microbial composition and the
generation of SCFAs are still unclear. Consequently, it is necessary to
clarify the potential digestive and fermented behaviors of WYP, which is
helpful for promoting the design and production of functional foods
based on WYP.

This study aimed to reveal the potential digestive and fermented
behaviors of WYP by using an in vitro simulated digestion and fecal
fermentation model. Besides, the effect of WYP on the modulation of
colonic microbial composition was also evaluated.

2. Materials and methods
2.1. Materials and chemicals

‘Wuyi rock’ tea (Rougui) was purchased from Fujian Wu Yi Star Tea
Industrial Co., Ltd. a-Amylase (1000 U/mg), bovine serum albumin
(BSA), pepsin (3000 U/g), and pancreatin (4000 U/g) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Inulin was purchased from
Aladdin (Shanghai, China).

2.2. Preparation and isolation of polysaccharides from ‘Wuyi rock’ tea

Hot water extraction of polysaccharides from ‘Wuyi rock’ tea was
performed as previously reported (Wu, Feng, et al., 2021). Firstly, the
powders of ‘Wuyi rock’ tea (120.0 g) were treated with 1.2 L of ethanol
(80%, v/v) at 80 °C for 2 h to remove several small molecules, such as
phenolics and pigments. Subsequently, the extracted residues were
treated with deionized water (1: 20, w/v) at 95 °C for 2 h. Poly-
saccharides from ‘Wuyi rock’ tea were then isolated by using graded
alcohol precipitation and membrane separation. The precipitations
treated with three volumes of ethanol (95%, v/v) were collected. Finally,
polysaccharides extracted from ‘Wuyi rock’ tea (WYP) were dissolved,
ultra-filtered (molar mass cutoff, 3.0 kDa) to further remove impurities,
and freeze dried.

2.3. Simulated digestion of WYP

The simulated digestion of WYP was performed as the procedures
described in the literature with minor modifications (Brodkorb et al.,
2019). Firstly, KCI (15.1 mM), CaCly(H20), (1.5 mM), MgCla(H20)e
(0.15 mM), KH,PO4 (3.7 mM), (NH4)2CO3 (0.06 mM), NaHCO3 (13.6
mM), and HCI (1.1 mM) were mixed in the simulated salivary fluid. The
mixtures of 100.0 mL of the WYP solution (20.0 mg/mL), 15 mg of
a-amylase (1000 U/mg), and 100.0 mL of the simulated salivary fluid
were blended and incubated at 37 °C (pH = 7.0). During the salivary
digestion, 2.0 mL of the mixture was collected at the digested points of
0.25, 0.5, and 1.0 h for further analysis. Secondly, KCl (6.9 mM),
CaCly(H20)2 (0.15 mM), MgCly(H20)e (0.12 mM), KHoPO4 (0.9 mM),
(NH4)2CO3 (0.5 mM), NaHCO3 (25.0 mM), NaCl (47.2 mM), and HCl
(15.6 mM) were mixed in the simulated gastric fluid. The mixtures of
150.0 mL of the salivary digestion, 0.2 g of pepsin (3000 U/g), and
150.0 mL of the simulated gastric fluid were blended and quickly
regulated to pH = 3.0 to trigger the simulated gastric digestion. 2.0 mL
of the mixture was also collected for further analysis after 0.5, 1.0, 2.0,
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and 4.0 h of incubation at 37 °C. Finally, KCI (6.8 mM), CaCly(H20)2
(0.6 mM), MgCl2(H20)6 (0.33 mM), KHPO4 (0.8 mM), NaHCO3 (85.0
mM), NacCl (38.4 mM), and HCI (8.4 mM) were mixed in the simulated
intestinal juice. The mixtures of 180.0 mL of the digested sample, 1.47 g
of bile salts, 1.8 g of pancreatin (4000 U/g), and 180.0 mL of the
simulated intestinal juice were blended and quickly adjusted to pH = 7.0
to trigger the simulated intestinal digestion. Then, 2.0 mL of the mixture
was also obtained for further analysis after 0.5, 1.0, 2.0, and 4.0 h of
incubation at 37 °C.

All collected samples were firstly applied for the measurement of
reducing sugar contents (Cgr), and then sequentially treated by ethanol,
ultra-filtered (3.0 kDa), and freeze dried. Samples of WYP digested at
different digestion stages, including salivary, saliva-gastric, and saliva-
gastrointestinal digestions, were collected and coded as WYP-S, WYP-
G, and WYP-], respectively.

2.4. Microbial fermentation of the indigestible WYP (WYP-I) by human
feces

The fecal fermentation of the indigestible WYP (WYP-I) by human
feces was also performed as previously reported (Wu, Yuan, et al.,
2021), and the basic culture medium was prepared as described in the
literature. Fresh feces were provided from two female and two male
volunteers (ages from 18 to 25), they did not take any antibiotics and did
not have digestive diseases. Fresh feces were mixed with the sterilized
modified saline solution to prepare the fecal slurry (10%, w/v). The final
human fecal inoculum was the supernatant of the fecal slurry after
centrifugation. The WYPI group contained 1.0 mL of the human fecal
inoculum and 9.0 mL of basic culture medium with 100.0 mg of WYP-I,
which was carried out in penicillin bottles. The negative control (BLANK
group) only contained the human fecal inoculum and the basic culture
medium. The positive control (INULIN group) contained the human
fecal inoculum, the basic culture medium, and 100.0 mg of inulin. Then,
all groups were cultivated in an anaerobic condition at 37 °C.

Finally, different fermented samples were firstly applied for the
detection of Cg, total polysaccharides, SCFAs, and free monosaccharide
released. Additionally, fermented samples were sequentially treated by
ethanol and ultra-filtered (molar mass cutoff, 3.0 kDa). Wuyi rock tea
polysaccharides fermented at different time points of 6, 12, 24, and 48 h
were obtained, and named as WYPI-6, WYPI-12, WYPI-24, and WYPI-48,
respectively.

2.5. Measurement of variations in physicochemical characteristics of
polysaccharides from ‘Wuyi rock’ tea at different digestive and fermented
stages in vitro

2.5.1. Measurement of Cp, digestibility, fermentability, and chemical
composition

The 3,5-dinitrosalicylic acid method was utilized to analyze the Cg
released from WYP at different digestion stages in vitro and different
fermented stages in vitro. Besides, the m-hydroxydiphenyl and phe-
nol-sulfuric acid methods were applied for the measurement of total
polysaccharides and total uronic acids as previously reported (Wu et al.,
2022), respectively. The digestibility (%) of WYP at different digestion
stages in vitro was calculated based on reducing sugars, and the fer-
mentability (%) of WYP-I at different fermented stages in vitro was
calculated based on total sugars and reducing sugars (Wu, Yuan, et al.,
2021).

2.5.2. Measurement of free sugars released and monosaccharide
composition

Free sugars released from WYP-I after the in vitro fermentation by
human feces were analyzed by UltiMate U3000 LC system (Thermo
Fisher Scientific, Waltham, MA, USA). A phenomenex gemini C18 110A
column (150 mm x 4.6 mm, 5 pm) was used to separate free sugars
released (Wu et al., 2022). Besides, monosaccharide compositions of



D.-T. Wu et al.

WYP at different digestion stages in vitro and WYP-I at different fer-
mented stages in vitro were also measured by UltiMate U3000 LC system,
respectively.

2.5.3. Measurement of molecular weights

Molecular weights (M,,) of WYP, WYP-S, WYP-G, WYP-I, WYPI-6,
WYPI-12, WYPI-24, and WYPI-48 were measured by using size exclusion
chromatography as previously reported (Wu et al., 2022). Both laser
light scattering detection (MALS) and refractive index detector (RID)
(Wyatt Technology Co., Santa Barbara, CA, USA) were utilized for the
detection of polysaccharides’ signals. The Shodex OHpak SB-G 6B (50
mm X 6.0 mm, i.d.) and the Shodex OHpak SB-806 M HQ (300 mm x
8.0 mm, i.d.) columns were applied for the separation of WYPs.

2.5.4. Spectrometric analysis

The FT-IR spectra of WYP, WYP-S, WYP-G, WYP-I, WYPI-6, WYPI-12,
WYPI-24, and WYPI-48 were recorded by a Nicolet iS 10 FT-IR (Thermo
Fisher Scientific, Waltham, MA, USA). Besides, the esterification degree
(DE) values were also calculated based on the FT-IR spectra as previ-
ously reported (Wu, Feng, et al., 2021).

2.6. Analysis of gut microbial composition and short chain fatty acids
(SCFAs)

The extraction, PCR amplification, purification, and sequencing of
the bacterial 16S rRNA genes of the fermented mixture were performed
as previously reported (Wu, Nie et al., 2021). Besides, the obtained data
were also processed and analyzed as previously reported (Wu, Nie et al.,
2021). Furthermore, an Agilent GC system (Agilent Technologies, Santa
Clara, CA, USA) equipped with an Agilent HP-INNOWAX column (30 m
x 0.25 mm x 0.25 pm) and a flame ionization detector was used to
measure the contents of SCFAs in each fermented broth as formerly re-
ported (Wu, Nie et al., 2021).

2.7. Statistical analysis

All experiments were run in triplicate. The results were expressed as
mean + standard deviations using Origin 9.0 software. Statistical sig-
nificance was evaluated by the independent-sample t-test and one-way
analysis of variance (ANOVA) plus post hoc Duncan’s test (SPSS soft-
ware, version 24.0).

Table 1
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3. Results and discussion

3.1. Dynamic variations in physicochemical characteristics of WYP at
different simulated digestion stages in vitro

3.1.1. Dynamic variation in chemical composition

As shown in Table 1, the content of total polysaccharides in WYP was
83.49% =+ 1.35%, which changed to 79.25% =+ 1.58% after the in vitro
simulated digestion, similar to the previously reported results that the
total polysaccharides in chrysanthemum tea polysaccharides slightly
declined after the in vitro digestion (Wu, Yuan, et al., 2021). Besides, the
content of uronic acids in WYP was 43.33% + 1.08%, which was similar
to that of polysaccharides extracted from oolong tea (Tieguanyin,
45.89%) (Wang et al., 2012). After the in vitro simulated digestion, the
content of uronic acids in WYP was overall stable. However, the obvious
reduction of total polysaccharides in WYP might be caused by the acidic
pH in the simulated digestion conditions (Huang et al., 2020).

3.1.2. Dynamic variation in molecular weight

As shown in Fig. 1A, a single polysaccharide fraction eluted from 17
to 21 min was detected in WYP, WYP-S, WYP-G, and WYP-I. The detailed
molecular weights of WYPs are presented in Table 1. Molecular weights
of WYP, WYP-S, WYP-G, and WYP-I were measured as 3.344 x 10°,
3.338 x 10°, 3.205 x 10°, and 3.200 x 10° Da, respectively, suggesting
that the molecular weight of WYP slightly declined after the in vitro
simulated digestion. The decline in molecular weight of WYP after the in
vitro simulated digestion might be owing to the cleavage of the glyco-
sidic linkages in the polymer chains (Huang et al., 2020).

3.1.3. Dynamic variation in Cr

As shown in Table S1 (Supplementary material), the Cg released from
WYP after the simulated saliva-digestion ranged from 0.126 + 0.006 to
0.124 + 0.012 mg/mL, showing no obvious difference. Conversely, the
Cg released from WYP significantly (p < 0.05) increased from 0.364 +
0.112 to 0.684 + 0.111 mg/mL after the simulated gastric-digestion.
Subsequently, the Cg released from WYP was overall stable after the
simulated intestinal-digestion, ranging from 0.721 + 0.066 to 0.828 +
0.056 mg/mL. These results were similar with the change behaviors of
the Cr released from okra pectic-polysaccharides and tea pectic-
polysaccharides (Li, Wang, Yuan, Pan, & Chen, 2018; Wu, Nie et al.,
2021), which further confirmed that the decline in molecular weight of
WYP was owing to the breakdown of glycosidic linkages in the polymer
chains. Besides, the change in Cg was also in accordance with the

Dynamic variations in digestibility, fermentability, chemical composition, molecular weight (Mw), and constituent monosaccharide of WYP during in vitro simulated

digestion and fermentation by human feces.

WYP WYP-S WYP-G WYP-I WYPI-6 WYPI-12 WYPI-24 WYPI-48
Digestibility/ Fermentability - 1.26 6.92 8.38 8.60 17.26 30.92 42.18
(%)
Total polysaccharides (%) 83.49 £1.35° 83.83 +1.14° 79.91 + 1.99° 79.25 + 1.58" 53.53 + 2.16° 50.57 + 2.07 47.58 +1.72 4 48.31 + 3.20
od d
Total uronic acids (%) 43.33 £1.08° 43.39 +£2.03° 45.39+1.05? 45.154+2.04? 35.06 + 0.97" 34.32 + 0.65" 34.62 + 1.01° 29.35 + 1.05°¢
Degree of esterification (%) 32.11 £ 0.53? 32.01 £0.73 % 33.52+0.56° 31.72+£2.07% 3.20 + 0.02" 2.56 + 0.19" 2.81 + 0.01° 2.29 + 0.03"
M,, x 10° (Da) 3.344 + 0.013 3.338 £ 0.013 3.205 + 3.200 + 2.801 + 2.723 + 0.016 2.645 + 0.013 2.498 +
a a 0.013° 0.010° 0.014° d e 0.015
Constituent monosaccharide and molar ratios
Man 0.06 0.06 0.06 0.06 0.15 0.14 0.15 0.15
Rha 0.08 0.08 0.09 0.08 0.18 0.15 0.12 0.12
GlcA 0.04 0.04 0.05 0.04 0.04 0.03 0.01 0.01
GalA 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Glc 0.12 0.12 0.08 0.09 0.11 0.10 0.10 0.10
Gal 0.34 0.35 0.37 0.36 0.23 0.19 0.16 0.14
Ara 0.31 0.30 0.32 0.32 0.23 0.19 0.18 0.17

Sample codes were the same as in Fig. 1.Values represent mean =+ standard deviation, and different superscript lowercase letters indicated significance (p < 0.05) in

each row; Statistical significances were carried out by ANOVA and Duncan’s test.



D.-T. Wu et al.

digestibility of WYP at different digestion stages in vitro (Table 1).
Overall, these results suggested that WYP was slightly digested after the
in vitro simulated digestion.

3.1.4. Dynamic variation in constituent monosaccharide
Monosaccharides and molar ratios can influence the physicochem-
ical properties of dietary polysaccharides, and their utilized hierarchy by
colonic microbiota (Payling et al., 2020). Therefore, monosaccharide
compositions of WYP, WYP-S, WYP-G, and WYP-I were measured, and
the results are presented in Fig. 2A and Table 1. GalA, Gal, Ara, Glc, Rha,
Man, and GlcA were measured as the main monosaccharides in WYP, in
accordance with a previous study (Guo et al., 2021). Additionally, it was
found that the kinds of constituent monosaccharides among WYP, WYP-
S, WYP-G, and WYP-I were similar. Indeed, as shown in Table 1, the
molar ratio of Glc in WYP-G and WYP-I slightly decreased, which might
be owing to the Glc on the branched chain hydrolyzed by the low pH in
the simulated gastric fluid (Wu, Nie et al., 2021; Wu, Yuan, et al., 2021).

3.1.5. Dynamic variations in FT-IR spectrum and esterification degree (DE)

The FT-IR spectra of WYP, WYP-S, WYP-G, and WYP-I are shown in
Fig. 2C. The results showed that the FT-IR spectra among WYP, WYP-S,
WYP-G, and WYP-I were almost identical, indicating that the primarily
chemical structure of WYP was overall stable after the in vitro simulated
digestion. Additionally, the typical signals of acidic polysaccharides,
including 3423.79 cm ™!, 2919.97 ecm ™, 1735.38 cm ™, 1630.21 cm Y,
1438.14 cm ™!, and 1236.65 cm !, were found in WYP and its digested
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samples (Guo et al., 2021; Wu, Feng, et al., 2021; Wu et al., 2022; Wu,
Yuan, et al., 2021; Yan et al., 2019). Results further supported that WYP
was an acidic polysaccharide, similar with the previous studies (Chen,
Qu, et al.,, 2009; Chen, Wang, et al., 2009; Wang et al., 2012).
Furthermore, the DE value of WYP was also evaluated based on the in-
tensities of 1735.38 cm ™! and 1630.21 em ™! signals. The DE values of
WYP, WYP-S, WYP-G, and WYP-I were similar, which ranged from
31.72% to 33.52%.

In conclusion, all abovementioned results indicated that WYP was
slightly degraded, and the digestibility of WYP was only about 8.38%
after the in vitro simulated digestion. More than 90% of WYP was the
indigestible polysaccharide, which was further applied for in vitro
fermentation by human feces.

3.2. Dynamic variations in physicochemical characteristics of the
indigestible WYP (WYP-I) during in vitro fermentation by human feces

3.2.1. Dynamic variations in fermentability and chemical composition
Table 1 also shows the dynamic variations in fermentability, poly-
saccharides, and uronic acids of WYP-I at different fermented stages in
vitro. The contents of total polysaccharides in WYP-I, WYPI-6, WYPI-12,
WYPI-24, and WYPI-48 significantly (p < 0.05) decreased from 79.25%
to 48.31%. The obvious decline of total polysaccharides might be due to
the fact that the colonic microbiota could secret carbohydrate active
enzymes to destroy the glycosidic bonds of polysaccharides and utilize
the degraded fragments, resulting in the decrease of total
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Fig. 1. Dynamic variations in SEC profiles of WYP during in vitro simulated digestion and fermentation by human feces WYP, polysaccharides extracted from ‘Wuyi
rock’ tea; WYP-S, WYP-G, and WYP-I, WYP digested at different digestion stages, including salivary, saliva-gastric, and saliva-gastrointestinal digestions, respec-
tively; WYPI-6, WYPI-12, WYPI-24, and WYPI-48, WYP-I fermented by human feces at the time points of 6, 12, 24, and 48 h, respectively.
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Fig. 2. Dynamic variations in constituent monosaccharides (A), free mono-
saccharides released (B), and FT-IR spectra (C) of WYP during in vitro simulated
digestion and fermentation by human feces Sample codes were the same as in
Fig. 1; Man, mannose; Rha, rhamnose; GlcA, glucuronic acid; GalA, galactur-
onic acid; Gle, glucose; Gal, galactose; Xyl, xylose; Ara, arabinose.

polysaccharides (Huang et al., 2020). The contents of uronic acids in
WYP-I, WYPI-6, WYPI-12, WYPI-24, and WYPI-48 also significantly (p <
0.05) decreased from 45.15% to 29.35%. The decline of uronic acids
might be owing to the hydrolysis of GlcA and GalA in WYP-I, which
could be degraded by certain intestinal microbes (Ding et al., 2019). In
addition, the fermentability of WYP-I at different fermented time points
obviously enhanced from 8.60% to 42.18%. The results showed that
WYP-I could be well utilized by colonic microbiota in human feces
(Kong et al., 2021).

3.2.2. Dynamic variations in Cg and free monosaccharides

Previous studies have shown that the colonic microbiota can break
down dietary polysaccharides, and then reducing sugars are produced to
be utilized by intestinal microbiota in turn (Wu, Fu, et al., 2021; Wu,
Yuan, et al., 2021). The dynamic variation in Cg released from WYP-I
during the fermentation process is also shown in Table S1. The Cg
significantly raised to the high content (1.111 + 0.027 mg/mL) at the
fermentation time point of 12 h, and then declined to the low content
(0.602 + 0.041 mg/mL) at the fermentation time point of 48 h, which
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was similar with a previous result (Zhou, Zhang, Huang, Yang, & Huang,
2020). Results revealed that the release rate of reducing sugars was
faster than its consumption rate before the in vitro fermentation time
point of 12 h, while its consumption rate was faster than the release rate
with the increasing time from 12 h to 48 h (Kong et al., 2021).

Furthermore, as shown in Fig. 2B, the free sugars released from WYP-
I after the in vitro fermentation by human feces were further analyzed by
HPLC. The observed free sugars indicated that the indigestible WYP
(WYP-I) could be degraded by colonic microbiota in human feces. A
previous study has demonstrated that some bacteria, such as Bacteroides
thetaiotaomicron and Bacteroides ovatus, can metabolize certain glycans
(Koropatkin, Cameron, & Martens, 2012; Ndeh et al., 2017). After the in
vitro fermentation for 6 h, three types of free sugars, including Rha,
GlcA, and GalA, were detected in the fermented mixture. Indeed, five
types of free sugars, including Rha, GlcA, GalA, Gal, and Ara, were
detected in the fermented mixture at the fermentation time point of 12 h.
Furthermore, the responses of free sugars gradually declined with the
increasing time from 12 h to 48 h. The dynamic change behavior of free
sugars was similar with that of reducing sugar contents, suggesting that
WYP-I was utilized by colonic microbiota in human feces during in vitro
fermentation.

3.2.3. Dynamic variations in molecular weight, constituent
monosaccharide, and FT-IR spectrum

As shown in Fig. 1, the SEC profile of the indigestible WYP (WYP-I)
gradually shifted to the right with the increase of retention time, further
confirming that WYP-I was utilized by intestinal microbiota. The mo-
lecular weight of WYP-I remarkably declined from 3.200 x 10° to 2.498
x 10° Da after the in vitro fermentation, indicating that WYP-I was
degraded into relatively small fragments and further utilized by intes-
tinal microbes (Wu, Nie et al., 2021). Taken together with the results of
Cr and free monosaccharides, it could be presumed that the dynamic
decline of molecular weight of WYP-I at different fermentation time
points might be primarily due to the breakdown of its glycosidic link-
ages. Previous results also showed that molecular weights of acidic
polysaccharides from Abelmoschus esculentus, chrysanthemum tea, and
loquat leaf obviously declined after the in vitro fermentation by human
feces (Wu, Nie et al., 2021; Wu, Fu, et al., 2021; Wu, Yuan, et al., 2021).

Generally, the colonic microbiota could change the molar ratio of
monosaccharides in dietary polysaccharides during in vitro fermentation
(Ding et al., 2019). As shown in Fig. 2A and Table 1, Man, Rha, GlcA,
GalA, Glc, Gal, and Ara were also measured as the main constituent
monosaccharides in WYP-I, WYPI-6, WYPI-12, WYPI-24, and WYPI-48.
Results showed that the in vitro fermentation by human feces obvi-
ously affected their molar ratio, but had no effects on the types. At the
fermented time point of 48 h, the molar ratio of GlcA, Gal, and Ara
decreased, suggesting that WYP-I was utilized by colonic microbiota in
human feces. Taken together with the results of total uronic acids
(Table 1) and free monosaccharides (Fig. 2B), results indicated that
pectic-polysaccharides and arabinogalactan in WYP-I could be hydro-
lyzed and used by colonic microbes (Wu, Fu, et al., 2021). Generally,
pectic-polysaccharides can be easily hydrolyzed and used by Bacteroides
and Bifidobacteria (Ndeh et al., 2017). Moreover, arabinogalactan can
also be degraded and utilized by Bifidobacteria (Wu, Yuan, et al., 2021).

Furthermore, as shown in Fig. 2C, the signals of 3423.79 cm™?,
2919.97 cm™!, 1735.38 em™', 1630.21 cm™!, 1438.14 cm™', and
1236.65 cm ', which existed in WYP and WYP-I, were also found in
WYPI-6, WYPI-12, WYPI-24, and WYPI-48. However, the intensity of
1735.38 cm™! signal in fermented samples obviously declined when
compared with WYP-1. Indeed, as shown in Table 1, the DE values of
fermented samples were remarkably lower than that of WYP and WYP-I,
which was similar to a formerly reported result (Wu, Yuan, et al., 2021).
The DE value of pectic-polysaccharides could be altered during in vitro
fermentation by human feces.
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3.3. Effects of the indigestible WYP (WYP-I) on pH values and SCFAs
production during in vitro fermentation by human feces

Generally, the dynamic variation in pH values of the fermented
mixture during the in vitro fermentation by human feces could indirectly
reflect the degradation and utilization of natural polysaccharides by
colonic microbiota. The dynamic variation in pH values after different
time points of fermentation is listed in Table 2. The initial pH values
among the BLANK, INULIN, and WYPI groups were similar. However,
after the in vitro fermentation at different time points, the pH values of
WYPI and INULIN groups were lower than that of the negative control
group, indicating that the addition of WYP-I and inulin had an obvious
influence on the pH during in vitro fermentation by human feces. Pre-
vious studies showed that the generation of SCFAs could lower the pH of
their surroundings (Kong et al., 2021).

SCFAs, the important metabolites of dietary polysaccharides pro-
duced by colonic microbiota during in vitro fermentation, play essential
roles in keeping the barrier function of intestine, modulating the
epithelial proliferation, inhibiting colorectal cancers, and regulating
immune responses (Zhang et al., 2020). Consequently, the measurement
of SCFAs is essential when evaluating the fermentation properties of
dietary polysaccharides. The concentrations of total SCFAs and indi-
vidual SCFA, including acetic, propionic, i-butyric, n-butyric, i-valeric,
and n-valeric acids produced in the BLANK, INULIN, and WYPI groups,
are shown in Table 2. An increase of the levels of total SCFAs was found
in three groups after the in vitro fermentation for 48 h. In the experi-
mental (WYPI) group, the concentration of total SCFAs reached 16.50 +
0.19 mmol/L after the in vitro fermentation by human feces for 48 h,
which was higher than that of the negative control group (10.81 + 0.13
mmol/L), and was close to the positive control group (16.75 + 0.06
mmol/L). Indeed, the dominant SCFAs in three groups were detected as
acetic, propionic, n-butyric, and n-valeric acids. Meanwhile, the acetic
acid in the WYPI group after the in vitro fermentation by human feces for
48 h was 9.65 + 0.23 mmol/L, which was also significantly higher than
that of the negative control group (6.82 + 0.01 mmol/L). Acetate, the
fermentation metabolite of Bifidobacterium, is the most abundant SCFA
in peripheral circulation, which can utilized in brain, heart, and pe-
ripheral tissues (Liu et al., 2021; Zhang et al., 2020). Indeed, acetate is
able to cross the blood-brain barrier to reduce appetite via a central
homeostatic mechanism (Wu, Nie et al., 2021). The propionic acid in the
WYPI group (3.36 + 0.09 mmol/L) after in vitro fermentation for 48 h
was also higher than that of the negative control group (1.50 + 0.05

Table 2
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mmol/L). Usually, propionic acid can decrease the level of fatty acid,
reduce food intake, and improve the sensitivity of tissue insulin (Ding
et al., 2019), which could be generated by Phascolarctobacterium (Ding
et al., 2019). Besides, after the in vitro fermentation by human feces for
48 h, the concentrations of n-butyric and n-valeric acids in the WYPI
group were determined to be 1.11 + 0.16 mmol/L and 1.53 + 0.07
mmol/L, respectively, which also higher than that of the negative con-
trol group. Butyric acid plays an important role in maintaining the
integrity of colonic epithelium and regulating the expression of tight
junction proteins and related genes (Han et al., 2020). In conclusion,
results indicated that WYP possessed a potential prebiotic effect via
increasing the generation of SCFAs.

3.4. Effect of the indigestible WYP (WYP-I) on the modulation of gut
microbial composition

Intestinal microbiota plays an essential role in the host, including
providing the host with nutrients, defending against invading patho-
gens, and maintaining intestinal homeostasis (Zhang, Liu, Chen, Aweya,
& Cheong, 2020). A previous study showed that tea pectic-
polysaccharides could be hydrolyzed and used by colonic bacteria,
resulting in modulation of the microbial composition and abundance
(Chen et al., 2018). Thus, it is quite necessary to understand the re-
lationships among polysaccharides from Wuyi rock tea, colonic micro-
biota, and microbial metabolites, which can be beneficial to promoting
intestinal health by regulating the intestinal bacteria.

In the current study, the high-throughput sequencing analysis was
performed on samples from the BLANK, INULIN, and WYPI groups after
the in vitro fermentation by human feces for 48 h to reveal the effect of
the indigestible WYP on the modulation of gut microbial composition.
The rarefaction curves, the Shannon indexes, and principal component
analysis (PCA) are shown in Fig. S1 (Supplementary material). Rare-
faction curves showed that the richness of bacterial species appeared to
be stable as the number of sequences samples increased, indicating that
sample sequences were sufficient. Besides, the saturation of the Shannon
indexes indicated that the sequencing data was large enough to cover all
the bacteria species. Further, PCA was used to reveal a distinct clustering
of microbial compositions from different samples. Results clearly
showed that each group was obviously different from others (Figure S1).
Overall, results demonstrated that the microbial composition in the
WYPI group was notably different from that in the negative control
group.

Dynamic variations in pH values and contents of short-chain fatty acids produced at different time points of fermentation.

Short-chain fatty acids (mmol/L)

Groups Time (h)  pH value Acetic acid Propionic acid i-Butyric acid n-Butyric acid i-Valeric acid n-Valeric acid Total
BLANK 0 8.96+0.01 ND ND ND ND ND ND ND
6 8.74+0.02 5.23+0.10>°€ ND ND ND ND ND 5.23 + 0.10™ ©
12 8.58 +0.02  6.04 + 0.09™ B 1.5240.01** 030+£006>* 070+0.02%%  041+£0.14%%  0.78 +0.04% 5 9.75 + 0.21> B
24 8.13+0.02  6.64 +0.04>* 1.69 +£0.11>4  0.29 +0.05>* 0.80 +0.01°*® 056 +0.01>"  0.86+0.05>"8  10.84 +0.27>*
48 7.91+0.02 6.82+0.01>* 1.50 + 0.05°*  0.36 +0.01>* 0.90+0.10%"  0.29+0.07%"  0.94+0.02>4 10.81 £0.13> 4
INULIN 0 9.10+0.03 ND ND ND ND ND ND ND
7.39+0.04 624+006>° 1.73+0.03*® 0.28+0.03>C 0.82 + 0.03> # 0.38+0.02%»4 125+0.02*4  10.70+0.03®P°
12 6.73+0.03 7.19+0.17*¢ 165+013%% 0.38+0.02%58 0.76 +0.10>"  0.36+0.04>"  1.19 +0.08>* 11.52 £ 0.08 > ¢
24 581 +0.02 824+001>% 1.81+001>% 042+001°>"% 084+001>" 0.31 +0.05> A 1.06 £0.03*% 12,69 +0.06 > ®
48 515+0.03 9.72+001%* 356+0.03%* 1.24+002%* 079+003%* 0.39+004>*  1.05+0.03>5 16.75 + 0.06 &
WYPI 0 871+0.01 ND ND ND ND ND ND ND
710+£0.02 613+022*¢ 183+053*% 040+0.05**" 0.94+0.01**® 049+023** 1.10+010*B 10.89 + 0.35 > P
12 6.52+0.01 6.42+057%>¢ 1.79+026%" 0.34+001>"® 086+002%° 037+002>* 203+020*" 11.82+010%°€
24 541+0.01 776+027>%  233+£002%® 055+010%* 1.02+0.01%% 038+011%»* 165+054>* 1368+049%"
48 512+0.01 9.65+023%*  336+0.09>% 041+007>*® 111+016>* 044+004>* 153+007>*® 1650+0.19%4

Sample codes were the same as in Fig. 3. Values represent mean =+ standard deviation, and different superscript letters showed significant differences among different
time (p < 0.05) in the same group, while minuscules represented significant differences among different groups (p < 0.05) at the same time point; ND: not detected.
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The changes in microbial compositions in different groups are
exhibited in Fig. 3. At the phylum level (Fig. 3A), the major microbes in
the negative control group (BLANK) were identified as Proteobacteria
(38.42%), Fusobacteria (34.38%), Firmicutes (15.08%), Bacteroidetes
(10.65%), and Actinobacteria (1.42%). The WYPI group showed
remarkable increases in the relative abundances of Bacteroidetes
(35.25%) and Firmicutes (30.76%) compared with the negative control
group. Bacteroidetes can hydrolyze the indigestible polysaccharide to
generate SCFAs by encoding various carbohydrate active enzymes, such
as glycosidase and polysaccharide lyase (Liu et al., 2021). The WYP-I
could up-regulate the ratio of Bacteroidetes/ Firmicutes from 0.71
(BLANK group) to 1.15 (WYPI group). It has been reported that the in-
crease of the ratio of Bacteroidetes/ Firmicutes can lead to the decline of
the energy harvest, which is positively correlated to a reduced risk of
obesity in human (Chen et al., 2018). Thus, WYP is expected to be
developed as a functional food for reducing obesity. The WYPI group
also showed remarkable decreases in the relative abundances of
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Fusobacteria (0.53%) and Proteobacteria (27.37%) compared with the
BLANK group. Previous studies showed that Fusobacteria might be
closely correlated to the gastric oncogenesis, and Proteobacteria might be
associated with the chronic colitis (Wu, Fu, et al., 2021). In addition, the
abundances of Actinobacteria also increased in the WYPI group (5.98%)
and the INULIN group (4.12%) compared with that of the BLANK group
(1.42%). Bifidobacterium, the representative of Actinobacteria, is an
essential probiotic in the colon for human intestinal health, which can
control serum cholesterol levels, prevent intestinal diseases, modulate
immune system, and possess anti-cancer activities (Wu, Nie et al., 2021).
Furthermore, the relative abundance of Bacteroidetes (9.41%) and Fir-
micutes (15.96%) in the INULIN group was close to that of the BLANK
group. The relative abundance of Fusobacteria (0.42%) decreased, while
that of Proteobacteria (70.06%) increased. This result might be owing to
the fact that Escherichia-Shigella likely utilized low molar mass carbon
sources to maintain its growth (Zhang et al., 2020). These results indi-
cated that WYP-I could obviously regulate the microbial composition via
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Fig. 3. The relative abundance of bacterial community at the phylum level (A) and the genus level (B), and the heatmap analysis of the relative abundance of
bacterial community at the genus level (C) BLANK, the blank control (no additional carbon source supplement); INULIN, the positive control (INULIN supplement);

WYPI, the experimental group (WYP-I supplement).
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up-regulating the proliferation of beneficial bacteria and down-
regulating the proliferation of harmful bacteria.

At the genus level (Fig. 3B), the negative control group was mainly
consisted of Fusobacterium (34.38%), uncultured bacterium f Enter-
obacteriaceae (14.01%), Escherichia-Shigella (10.02%), Bilophila (8.18%),
and Bacteroides (7.82%). The WYPI group caused a notable increase in
the relative abundance of Bacteroides (31.55%). Bacteroides could hy-
drolyze and use pectic-polysaccharides in the WYPI group to keep its
growth, and prevent the host against colorectal cancer and inflamma-
tion, as well as improve metabolic disorders in obese individuals (Ding
etal., 2019). The WYPI group also exhibited higher levels of Lactococcus
(9.82%) and Bifidobacterium (3.76%) than that of the BLANK group.
Lactococcus has been proved to be a kind of potential probiotic bacteria
(Liu et al., 2021). Bifidobacterium, regarded as health-promoting gut
microbiota, can produce a-glucosidases, p-galactosidases, and other
enzymes to hydrolyze carbohydrates (Han et al., 2020). The WYPI group
exhibited a lower level of Phascolarctobacterium (4.79%) than that of the
BLANK group, which was found to be a substantial acetate/propionate-
producer (Yuan, Li, You, Dong, & Fu, 2020). Furthermore, the relative
abundances of harmful intestinal bacteria in the WYPI group (26.68%),
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such as Fusobacterium, Bilophila, Escherichia-Shigella, uncultured bacter-
ium_f Enterobacteriaceae,  uncultured bacterium_c_Gammaproteobacteria,
and Klebsiella, remarkably decreased when compared with the negative
control group (67.74%). Fusobacterium might be related to gastric
oncogenesis (Han et al., 2020). Besides, the increase of Bifidobacterium
(3.88%) and Phascolarctobacterium (11.19%) was observed in the
INULIN group, but the total level of harmful intestinal bacteria (70.04%)
increased.

The heat map in Fig. 3C indicates the relative abundances of top 30
bacteria at the genus level in the BLANK, WYPI, and INULIN groups. An
increase of the relative abundances of the beneficial bacteria genus, such
as Megamonas, Veillonella, Faecalibacterium, Lactobacillus, Bifidobacte-
rium, Bacteroides, Lactococcus, Agathobacter, Roseburia, Collinsella, Dia-
lister, and Eggerthella, was found in the WYPI group, while an increase of
abundances of the beneficial bacteria genus, such as Phascolarctobacte-
rium and Bifidobacterium, was found in the INULIN group. These results
indicated that the microbial composition was shaped by the WYP-I and
INULIN supplementation.

The results of LEfSe are exhibited in Figure 4. As shown in Figure 4A,
a total of 25 genera, whose LDA scores were above 4.0, showed obvious
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differences among all groups. There were 3, 12, and 10 kinds of domi-
nant genera in WYPI, INULIN, and BLANK groups, respectively. As
shown in Fig. 4B, there were 2, 8, and 10 kinds of dominant statistically
significant species in WYPI (color in blue), BLANK (color in red), and
INULIN (color in green) groups, respectively. Especially, Lactococcus was
found in WYPI group as the dominant species, which indicated that the
supplement of WYP-I could notably change the microbial composition.

4. Conclusion

In this study, WYP was degraded slightly, and the digestibility of
WYP was only about 8.38% after in vitro simulated digestion. Physico-
chemical properties of WYP, including molecular weight, compositional
monosaccharide, chemical composition, also changed slightly under the
simulated digestion conditions. Furthermore, the colonic microbiota in
human feces could degrade and utilize the indigestible WYP during the
in vitro fermentation, resulting in the modulation of its composition and
abundance. Notably, WYP-I could stimulate the proliferation of several
beneficial bacteria, such as Bacteroides, Lactococcus, and Bifidobacterium,
and promote the generation of SCFAs. The findings from the present
study are beneficial to revealing the potential digestive and fermented
characteristics of WYP, and WYP can be developed and utilized as a
prebiotic supplement to improve gut health.
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