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ARTICLE INFO ABSTRACT

Keywords: In this study, the structural and in vitro fermentation characterizations of Rosa sterilis S.D.Shi polysaccharides
Rosa sterilis (RSP), extracted by hot water (HW), acid (AA), alkali (AK) and enzyme (EM) were investigated for the first time.
Polysac_charides The results indicated that extraction methods exhibited significant effects on the structure of RSPs, thus resulting
gz::f;zn methods in different probiotic effects. HW-RSP and AA-RSP had high contents of Gal, Glc and GalA, while AK-RSP and EM-

RSP mainly contained Ara, Gal and GalA. EM-RSP was rich in RG-I and its size of average side chain were the
largest. Moreover, HW-RSP and AK-RSP exhibited the smallest (57.55 kDa) and largest (922.20 kDa) molecular
weights, respectively. All RSPs promoted the production of total SCFAs and the growth of beneficial bacteria like
Bifidobacterium, Bacteroides, Faecalibacterium and Paraclostrium to varying degrees, but inhibited the growth of
pathogenic bacteria such as Escherichia-shigella, thereby regulating the composition of gut microbiota. Further-
more, the function prediction results showed that EM-RSP had the most special metabolic pathways. Collectively,
our findings provide new insights into the relationship between the structure and probiotic function of RSPs, and
offer theoretical basis for the development of functional products of Rosa sterilis S.D.Shi.

Gut microbiota

Introduction Vidyarthi, Bai, & Pan, 2019). But the research on R. sterilis S.D.Shi is still
lacking now, which mainly focused on its fruit traits and nutritional
components, such as vitamin C, trace elements, amino acid, flavonoids

and triterpenes (Liu, Zhang, Zhang, Lu, Fu, & He, 2016).

R. sterilis S.D.Shi., which belongs to the family Rosaceae, is a newly
endemic variety discovered by Guizhou Botanical Garden more than 30

years ago (Hou et al., 2020). R. sterilis S.D.Shi has a close genetic rela-
tionship to Rosa roxburghii Tratt., mainly growing in the altitudes
varying between 1000 and 1600 m in hilly mountain areas, is an
important wild resource in the provinces of southwest, central-south and
northwest China (Chen & Kan, 2018). Most studies focused on the
chemical components and biological activities of R. roxburghii Tratt.,
indicating that it is rich in ascorbic acid, polysaccharide, phenolics and
superoxide dismutase and has potential to prevent type 2 diabetes,
inhibit the growth of cancer cells and fight atherosclerosis (Xu,
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The polysaccharides extracted from R. roxburghii Tratt. have attrac-
ted attention recently due to their biological properties including anti-
oxidant, a-p-glucosidase inhibition, digestion and probiotics (Wang
et al., 2018; Wang, Li, Huang, Fu, & Liu, 2019). The main extraction
methods of R. roxburghii Tratt. polysaccharide mentioned already were
hot water extraction (HW, liquid-to-solid ratio, 30:1 (w/w); 95 °C; 3 h)
(Wang, Chen, Zhang, Huang, Fu, & Li, 2018), microwave-assisted
enzyme extraction (microwave power, 575 W; microwave time, 18
min; liquid-to-material ratio, 13.5:1 mL/g; and enzyme dose, 6.5 g/mL)
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(Wang et al., 2018) and ultrasonic assisted extraction (liquid-to-mate-
rial, 402:10 mL/g; ultrasound power, 148 W; 80°C; 30 min) (Chen and
Kan, 2018). Besides, some other methods were also used to extract
polysaccharides from other plants including acid extraction (AA), alkali
extraction (AK) and enzyme extraction (EM) (Huang, Chen, Yang, &
Huang, 2021). HW is a traditional method, it is easy to operate but time-
consuming; AA or AK is more suitable for some polysaccharides, but the
pH should be strictly controlled during extraction; EM could accelerate
the extraction of polysaccharides under relatively mild conditions; ul-
trasonic and microwave assisted extraction can also effectively shorten
the extraction time, but their equipment costs are also relatively high.
Different extraction methods would cause the difference in the compo-
sition and structure of polysaccharides, thus affecting their biological
activity (Song et al., 2021; Sun et al., 2018).

In recent years, more and more people have noticed that human gut
microbiota are closely related to many problems such as obesity, intes-
tinal inflammation, cardiovascular disease, colorectal cancer and etc.
(Gentile & Weir, 2018). The composition of human gut microbiota can
be affected by the host diet (Ndeh & Gilbert, 2018). The human gut
microbiota can ferment complex polysaccharides in the host diet to
produce oligosaccharides, short-chain fatty acids (SCFAs) and other
metabolites, which may have some effects on human health (Gentile and
Weir, 2018). SCFAs, mainly acetate, propionate and butyrate, can serve
as energy substrates for intestinal epithelial cells (Koh, De Vadder,
Kovatcheva-Datchary, & Backhed, 2016), reduce intestinal pH to inhibit
the growth of harmful pathogens (Huang et al., 2019), and improve
intestinal immunity (Ndeh and Gilbert, 2018).

Pectin is an important polysaccharide in plant cell wall and contains
three main structural domains: homogalacturonan (HG), rhamnoga-
lacturonan I (RG-I) and rhamnogalacturonan II (RG-II), which can be
affected by extraction methods (Zhu et al., 2020). Recent studies have
shown that RG-I domain has better intestinal probiotic effect after
fermentation by human gut microbiota (Hou et al., 2022; Mao et al.,
2019; Zhu et al., 2020). For example, the research reported that highly
branched RG-I (70.44 %) in citrus pectin can alleviate obesity induced
by a high-fat diet (Zhu et al., 2020). Polysaccharides rich in RG-I domain
are therefore considered to be a potential prebiotic (Hou et al., 2022;
Mao et al., 2019).

However, to date, there are no studies on R. sterilis S.D.Shi poly-
saccharides (RSP) thus its composition, structure and function are still
unknown. Furthermore, little information is available on the association
with the extraction methods, characterizations and biological activities.
So in this study, four extraction methods including HW, AA, AK and EM
were used to extract polysaccharides from R. sterilis S.D.Shi and their
composition, structure and in vitro fermentation characterizations were
compared in order to provide new insights into the relationship between
the structure and probiotic function of RSPs, and offer theoretical basis
for the development of high value-added products.

Materials and methods
Materials

R. sterilis S.D.Shi fruits were purchased from Chungui Health Tech-
nology Co., 1td (Guizhou, China) in September 2020. The fruits were
washed and dried in a blast drying oven (GZX-9070MBE, Bo Xun Med-
ical Biological Instrument Corp, Shanghai, China) at 50 °C for 48 h.
Dried fruits were then ground by a grinder and passed through a 60-
mesh sieve. Cellulase and papain were purchased from Shanghai Yua-
nye Biotechnology Co., 1td (Shanghai, China). Monosaccharide stan-
dards [,-glucose (Glc), ,-galactose (Gal), ,-mannose (Man), ,-rhamnose
(Rha), ,-arabinose (Ara), ,-Fructose (Fuc), ,-galacturonic acid (GalA)
and ,-glucuronic acid (GlcA)], SCFAs (acetic acid, propionic acid,
butyric acid, isobutyric acid, valeric acid and isovaleric acid), 1-Phenyl-
3-methyl-5-pyrazolone (PMP) and Inulin were obtained from Sigma-
Aldrich Co., Itd (St. Louis, MO, USA). All the other reagents were of
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analytical grade.

Extraction of RSPs

Before extracting polysaccharides from previously obtained powder,
the powder was refluxed with 95 % ethanol twice at 70 °C (DF-101S,
Gongyi Yuhua Instruments Co., ltd, Henan, China) for 3 h to remove
liposoluble compounds and impurities. The filter residue was obtained
by vacuum filtration (RE3000A, Shanghai Yarong biochemical instru-
ment factory, Shanghai, China) and air-dried until there was no ethanol
flavor and then used for extraction.

Hot water extraction (HW)

The dry powder (5 g) was extracted with 200 mL of distilled water
twice at 80 °C for 90 min. After vacuum filtration, the filtrate was
concentrated to one-quarter of the original volume by vacuum and
reduced pressure at 45 °C. Afterwards, the concentrated liquid was
deproteinized by the trichloroacetic acid (TCA, 5 %, w/v) for several
times until there is no precipitation. The purified solution was decol-
orized by AB-8 macroporous resin (macroporous resin: solution = 1:6),
oscillating at 37 °C for 8 h. Then the RSP were precipitated from the
filtrate by adding twice the volume of dehydrated ethanol and keeping
overnight at 4°C. The precipitate was separated by centrifugation at
8000 rpm for 10 min (3 K15, Sigma Laboratory Centrifuges, Osterode,
Germany) and then collected, dissolved in distilled water again. After
dialyzing with a 10 kDa dialysis bag for 72 h and freeze-drying, the HW-
RSP was obtained. The extraction yield (Y) of RSP was calculated using
the following equation:

oL weight of dried RSP (g)
Y(%) = Weight of Rusterilis SD.Shi fruits podwer (g

7100 % (€D)]

Acid extraction (AA)

The dry powder (5 g) was extracted with 200 mL of distilled water at
85 °C for 90 min, using 0.1 M HCl solution to adjust the pH to 2.5. After
the extraction, the pH of the mixture was adjusted to 5.0- 6.0 with 3 M
NaOH. And then filtrated, the filtrate was concentrated to one-quarter of
the original volume by vacuum and reduced pressure at 45 °C. The
following procedures were conducted as described in Section 2.2.1.

Alkali extraction (AK)

The dry powder (5 g) was added into 200 mL of 0.1 M NaOH solution
and then the pH of the mixture was adjusted to 13 with 4 M NaOH. After
30 min of reaction at room temperature, the pH of the mixture was
adjusted to 5.0-6.0 with 0.1 M HCIL. The solid residue was removed by
filtration and the filtrate was concentrated to one-quarter of the original
volume by vacuum and reduced pressure at 45 °C. The protein was
removed by enzymatic method, which was carried out with 0.2 %
papain (2500 U/mg) solution at 50 °C for 2 h, and then heated at 100 °C
for 10 min. The precipitate was separated by centrifugation at 6000 rpm
for 10 min and the supernatant was decolored, precipitated, dialyzed
and lyophilized as described in Section 2.2.1.

Enzyme extraction (EM)

The dry powder (5 g) was mixed with 200 mL of distilled water (pH
4.5-6.5). The extraction temperature and time were set as 50 °C and 120
min, respectively. Before extraction, 2 % cellulase (50 U/mg) was added
to the solution, which was dissolved in distilled water (1:1) at 50 °C for
10 min. After heating at 100 °C for 10 min, the mixture was centrifuged
at 6000 rpm for 10 min and the supernatant was concentrated, depro-
teinized, decolored, precipitated, dialyzed and lyophilized as described
in Section 2.2.1.

Chemical analysis

The total sugar content was measured by phenol-sulfuric acid
method (Dubois, Gilles, Hamilton, Rebers, & Smith, 1951), taking ,-
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glucose as the standard. A standard curve of y = 7.9771x — 0.0325 (R?
= 0.9977) was used to calculate the total sugar content of RSPs, where y
and x are the absorbance (Abs) and the content of ,-glucose (ug),
respectively. The protein content was measured by Bradford’s method
(Bradford, 1976), using bovine serum albumin as the standard. The
standard curve was y = 0.0069x + 0.0161, R% = 0.9951, where y and x
are the Abs and the content of bovine serum albumin (pg), respectively.

Monosaccharide composition analysis

Monosaccharide composition of the RSPs were analyzed by HPACE-
PAD on an ICS-5000 system (Thermo Fisher, USA) equipped with a
CarboPac PA10 column (4 mm x 250 mm, Thermo Fisher, USA) and an
electrochemical detector (ECD). Gradient elution was employed, with an
isocratic NaOH (18 mM) for 15 min, followed by isocratic sodium ace-
tate (100 mM) containing a fixed 18 mM NaOH for the next 35 min, and
the flow rate was 1 mL/min. The column temperature was set at 30 °C
and the injection volume was 25 pL. Prior to the analyses, the samples (3
mg) were hydrolyzed by using 1 mL of 4 M trifluoroacetic acid (TFA) in
an ampoule bottle at 110 °C for 8 h. The hydrolysates were dried by
adding 200 pL methanol under nitrogen flow twice, diluted with
deionized water to 6 mL and filtered through a 0.22 pm membrane (PES,
Jiangsu Green Union Science Instrument Co., ltd, China) before in-
jections. The monosaccharide standards including Xyl, Glc, Gal, Man,
Rha, Ara, Fuc, GalA and GlcA were also derived and determined ac-
cording to the same procedures as above.

Molecular weight analysis

The molecular weight of the RSPs were measured by a size-exclusion
chromatogrphy (Waters Milford, MA, USA) equipped with a multi-angle
laser light scattering detector (DAWN HELEOS, Wyatt Technologies Co.,
Santa Barbara, CA, USA) and a refractive index detector (sEC-MALLS-
RI). Shodex SB-806 HQ and Shodex SB-804 HQ columns (7.8 x 300 mm,
Shodex, Japan) was equilibrated at 25 °C and the injection volume was
50 pL. The mobile phase of distilled-deionized water containing 0.02 %
NaNj3 and 0.2 M NaCl was pumped at a flow rate of 0.5 mL/min. The
molecular weight of the sample was calculated using the Astra software
(version 6.1.7, Wyatt Technologies Co., Santa Barbara, CA, USA) and the
value of dn/dc was 0.1850 mL/g. Before analyses, the samples (3 mg)
were dissolved in 1 mL of deionized water and filtered through a 0.22
pm membrane and then injected.

Scanning electron microscopy (SEM) analysis

The morphology of RSPs were evaluated by SEM (GeminiSEM 300,
Zeiss, Germany). An appropriate amount of dried RSP samples were
adhered to the sample stage, and coated with a layer of conductive gold
film then examined under high vacuum conditions.

FT-IR spectrum analysis

The FT-IR spectrum of RSPs were obtained by Nicolet iN10 instru-
ment (Thermo Fisher Scientific, USA). Samples were mixed evenly with
KBr and pressed into tablets for FT-IR measurement in the frequency
range of 4000-400 cm ™!,

In vitro fermentation

The RSPs fermentation in vitro referred to Ahmadi’s method (Ahmadi
et al., 2019) with some modifications. Briefly, 75 mg RSPs and Inulin
were dissolved in 13.5 mL medium described as Ahmadi’s method
(Ahmadi et al., 2019). Fresh human feces were collected from eight
healthy donors (4 males and 4 females), who had no history of gastro-
intestinal disease and did not take any antibiotics over 21 days. An equal
amount of feces from each donor was mixed, and PBS (0.1 M, pH 7.4, v/
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v) was immediately added to form a suspension (10 %, w/v). After full
vortex shock, the suspension was filtered with a double layer of nylon
gauze. 1.5 mL filtrate was immediately added to 13.5 mL culture and
incubated at 37 °C in the anaerobic chamber (Thermo Fisher Scientific,
USA) to initiate the fermentation. 3 mL fermentation broth was taken
out respectively at 0, 3, 6, 12 and 24 h and stored at —80 °C (U410, New
Brunswick, NJ, USA) for further analysis.

Measurement of pH

The fermentation samples collected at 0, 3, 6, 12, 24 h were centri-
fuged at 1000 rpm for 5 min (HC-3018R, Anhui USTC Zonkia Scientific
Instruments Co., Itd, China). The supernatant was transferred to a 10 mL
centrifuge tube and then use the pH meter (OHAUS, Parsippany, NJ,
USA) to determine the pH.

Consumption of total carbohydrates analysis

The consumption of total carbohydrates was determined based on
phenol-sulfuric acid method as that of Section 2.3, which was calculated
as follows:

The consumption rate (%) :%Z:“”‘”‘"’ x 100 % (2)

Scfas analysis

Before analysis, the supernatant obtained in 2.8.1 were filtered
through a 0.22 pm membrane. The SCFAs were analyzed by GC-FID
6890 N (Agilent Technologies, USA) equipped with an HP-INNOWAX
column (0.32 mm x 30 m, 0.25 pm, Agilent, USA) and a flame ioniza-
tion detector (FID). The flow rate of nitrogen was 19 mL/min. The initial
oven temperature was held at 100 °C for 0.5 min and then increased to
180 °C at a rate of 4 °C/min. The FID and injection temperature was 240
°C and the injection volume was 1 pL. The SCFAs content was calculated
according to calibration curves of standard SCFAs (Fig. S1A).

Gut microbiota analysis

The fecal microbiota of all fermentation samples after 24 h were
analyzed. Total DNA was extracted using CTBA method (Wilson, 2001).
The quality of the extracted bacterial DNA was checked by 1 % (w/v)
agarose gel electrophoresis. Use the specific primers 338F (5-ACTCC-
TACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-
3') to amplify the hypervariable region V3-V4 of the bacterial 16S rRNA
gene. And the amplified products were sequenced on an Illumina
NovaSeq platform (Novogene, Beijing, China). FIASH (v 1.2.8) was used
to merge the gene sequences, and the sequences with more than 97 %
similarity were classified into Operational taxonomic units (OTUs)
(Zhou et al., 2020).

Statistical analysis

The data were expressed as mean + SD (n = 3). SPSS 26.0 software
(IBM Inc., Chicago, IL, USA) was used for all statistical analyses and the
data were evaluated by one-way analysis of variance (ANOVA) followed
by the Duncan’s test while other analyses were conducted using Origin
2018 software (OriginLab Corporation, Northampton, Mass., USA).
Differences were considered to be statistically significant if p < 0.05.

Results and discussion
Extraction yields and chemical composition

The results (Table 1) showed that different extraction methods had
significant effects on the extraction yields of RSP. The yield of AK (9.26
%) was significantly higher than other methods (p < 0.05), demon-
strating that AK could be an effective method to extract polysaccharides
from R. sterilis S.D.Shi., which was corresponding with previous study
(Sun et al., 2018). The total sugar and protein content of RSPs were
listed in Table 1. The total sugar content of the four methods were
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Fig. 1. (A) Scanning electron micrographs (1000x), (B) FT-IR spectrums of RSPs extracted by four different methods. RSPs: polysaccharides extracted from R. sterilis
S.D.Shi. HW: polysaccharides extracted by hot water; AA: polysaccharides extracted by acid; AK: polysaccharides extracted by alkali, EM: polysaccharides extracted

by enzyme.
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Table 1
Yields and chemical composition of RSPs extracted by four different methods.
HW AA AK EM
Yield (%) 6.72 + 412 + 9.26 + 4.55 +
0.26 b 0.15¢ 0.63 a 0.50 ¢
Total sugar content (%) 33.67 + 30.82 + 3294 + 36.33 +
1.64 ab 1.01b 2.73 ab 1.6la
Protein content (%) 20.25 + 20.50 + 1.53 + 22.79 +
1.44a 1.11a 091b 1.81a
Monosaccharide Fuc 1.34 + 0.91 + 1.19 + 0.69 +
composition (mol 0.28 b 0.11 ab 0.33b 0.04 a
%) Rha 5.61 + 5.04 + 8.44 + 6.20 +
1.03 a 0.60 a 0.13b 0.26 a
Ara 7.53 £ 6.35 + 12.05 + 10.94 +
0.95 a 0.82a 0.11b 1.08 b
Gal 21.51 + 20.52 + 16.62 + 26.20 +
1.41b 1.60 b 0.96 a 1.94c
Glc 22.55 + 23.07 + 6.4 + 7.62 £
5.82b 2.37b 0.58 a 2.86 a
Man 1.43 £ 1.56 + 1.33 £ 1.65 +
0.54 a 0.72 a 0.05 a 0.06 a
Xyl 2.57 + 1.60 + 0.98 + 0.00 +
0.19d 0.17c¢ 0.13b 0.00 a
GalA 35.67 + 39.31 + 51.19 + 44.54 +
2.08 a 1.48b 0.76 d 0.98 ¢
GlcA 1.79 + 1.64 + 1.79 + 2.15 +
0.26 a 0.26 a 0.04 a 0.07 b
HG (%) 30.06 + 34.27 + 42,75 + 38.35 +
1.26 a 2.08 b 0.83d 1.12¢
RG-I (%) 43.08 £ 40.26 + 45.56 + 49.54 +
5.81 ab 4.35a 1.20 be 3.53¢c
(Ara + Gal) / Rha 5.24 + 5.34 + 3.40 + 5.99 +
0.52b 0.24 b 0.10 a 0.25 ¢
Linearity 0.88 &+ 1.10 + 2.24 + 0.97 +
0.04 a 0.16 b 0.06 ¢ 0.09 ab
Mw (kDa) 57.55 + 671.70 922.20 681.10
1.64 % + 0.33 % + 1.10 % + 0.98 %
Mn (kDa) 29.04 + 98.44 + 95.69 + 174.8 +
4.23 % 0.52 % 4.63 % 2.98 %
Mw / Mn 1.98 + 6.82 + 9.64 + 3.90 +
4.55 % 0.61 % 4.77 % 3.13%

Data are means + SD of three replicates. Different letters in the same row
indicate significant differences among different extraction methods.

RSPs: polysaccharides extracted from R. sterilis S.D.Shi.

HW: polysaccharides extracted by hot water; AA: polysaccharides extracted by
acid; AK: polysaccharides extracted by alkali, EM: polysaccharides extracted by

enzyme.

HG (mol%) = GalA (mol%) — Rha (mol%).

RG-I (mol%) = 2Rha (mol%) + Gal (mol%) + Ara(mol%).

(Ara + Gal) / Rha: the average size of side chains.

Linearity = GalA / (Fuc + Rha + GlcA + Ara + Gal + Xyl).

Mw: weight-average molecular weight; Mn: number-average molecular weight.

respectively 36.33 % (EM), 33.67 % (HW), 32.94 % (AK), and 30.82 %
(AA). Besides, there was no notable difference in the protein content
(20.25 %-23.03 %) among HW-RSP, AA-RSP and EM-RSP (p greater
than 0.05). While the protein content of AK-RSP was only 1.53 %, which
may be attributed to the high efficiency of trypsin in removing protein
(Huang et al., 2021).

The monosaccharide compositions of RSPs were shown in Table 1.
The monosaccharide composition and molar percentage of RSPs ob-
tained by different extraction methods were different. HW-RSP, AA-RSP
and AK-RSP were consisted of Fuc, Rha, Ara, Gal, Glu, Man, Xyl, GalA
and GlcA, while Xyl was not found in EM-RSP, probably because Xyl was
easily destroyed (Wang, Yang, & Wei, 2010), which was consistent with
previous study (Wang et al., 2010). Additionally, the content of Ara and
Gal were significantly higher in HW-RSP and AA-RSP (p < 0.05),
perhaps because acid and enzyme treatments caused the hydrolysis of
the polysaccharide chains and also broke the intermolecular hydrogen
bonds, thereby altering monosaccharide composition (Chen, Fang, Ran,
Tan, Yu, & Kan, 2019). Jegou et al. (2017) also found that EM could
increase the content of Gal and Ara. Besides, the Glc content in HW-RSP
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and AA-RSP was significantly higher (p < 0.05). Previous research
found a novel glucan from R. roxburghii Tratt. (Chen and Kan, 2018), and
the Glc in HW-RSP and AA-RSP was probably derived from this glucan as
well. The value of RG-I (%) was calculated as 2Rha (mol%) + Gal (mol
%) + Ara (mol%) (Mao et al., 2019), and the RG-I (%) value of the four
RSPs were all over 40 %, indicating that RSPs were rich in Ara or Gal
side chains (Zhu et al., 2020), and EM-RSP was the highest, reaching
49.54 %. The backbone of RG-I formed based on a repeating disaccha-
ride of [»2)-a-1.-Rhap- 1 — 4)-a-p-GalAp-(1 — ] residues with neutral
side chains attached to the O-4 position and sometimes the O-3 position
of the a-L.-Rhap backbone units. It was reported that polysaccharides
with high RG-I content can exert better probiotic effects after fermen-
tation by gut microbiota (Mao et al., 2019). The value of (Ara + Gal) /
Rha in Table 1 represented the average size of side chains, and the
linearity of polysaccharides was expressed by GalA / (Fuc + Rha + GlcA
+ Ara + Gal + Xyl) (Wang et al., 2016). There were significant differ-
ences both in linearity and the average size of side chain among the four
RSPs (p < 0.05). AK-RSP had the highest linearity but the smallest side
chain, while EM-RSP had the largest side chain. And the RG-I content,
neutral sugar composition and branching degree of polysaccharides are
closely related to the favorable changes of gut microbiota after poly-
saccharides supplementation (Mao et al., 2019). In all, these all indi-
cated that different extraction methods obtained different structure of
RSPs.

Molecular weight

The Mw and Mn of RSPs were shown in Table 1. Obviously, different
extraction methods obtained different molecular weight of poly-
saccharides. The Mw of HW-RSP was the smallest, only 57.55 kDa,
which was consistent with the result of its lowest linearity mentioned
above. Wang et al. (2018) measured that the Mw of polysaccharide
extracted from R. roxburghii Tratt. by hot water was about 6.72 x 10*
Da, which was similar to this study. AK-RSP had the largest Mw of
922.20 kDa. Combined with its chemical composition, it is inferred that
the main structure of AK-RSP was a long main chain with various
branched chains of different sizes. AA-RSP and EM-RSP had similar Mw
of 671.70 and 681.10 kDa, respectively. The value of Mw / Mn repre-
sented the polydispersity of polysaccharides (Mao et al., 2019). The
polydispersity of the four RSPs were 9.64 (AK-RSP), 6.82 (AA-RSP), 3.90
(EM-RSP) and 1.98 (HW-RSP), respectively, indicating that the molec-
ular weight distribution of AK-RSP was the widest while that of HW-RSP
was the narrowest. These results indicated that different extraction
methods can affect the molecular weight and size of polysaccharides,
and similar results have been reported in other studies (Chen et al.,
2019; Sun et al., 2018; Wang et al., 2010).

SEm

According to the SEM results of RSPs in Fig. 1A (1000x), it can be
seen clearly and intuitively that the different extraction method induced
different physical changes in size and shape of RSPs, which was the same
as another study (Sun et al., 2018). Only the surface of HW-RSP stacked
with many scattered, finely fragmented small round sheets. These
fragments had a smooth surface and are mostly <10 pm in diameter. It
was consistent with its lowest linearity and average molecular weight.
The other three RSPs all showed a large sheet-like appearance, but their
irregularity and distortion were different. The thin sections of AA-RSP
and EM-RSP had more fractures, but the surface looked smoother than
that of AK-RSP; AK-RSP had more folds on its surface, and most of them
existed in a large aggregation except for small breakage and small
fragments. These possibly due to different chemical compositions,
linearity and branches (Zhao et al., 2017). Therefore, the method to
extract polysaccharides needs to be taken into account, as this may be
one of the determinants of the shape and structure of the polysaccharide,
which in turn may affect its function.
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FT-IR spectrum

FT-IR is an effective method to identify the functional groups in
polysaccharides. As shown in Fig. 1B, RSPs showed similar IR signal
bands of typical absorption peaks assigned to the saccharide moiety. The
absorption peak at 3400 cm ™! represented the stretching vibration of
O—H, and the peak around 2936 cm™' was related to the C—H
stretching vibration (Chen et al., 2019). The absorption peak at 1743
cm ™! was attributed to C=0 stretching vibration of ester carbonyl while
the absorption at 1617 cm™! was assigned to the C=0 stretching vi-
bration of carboxylate ion (Wang et al., 2016). The ratio of the peak area
of 1743 cm™! to the sum of the two peak areas can be used to quantify
the degree of esterification (Wang et al., 2016). It was evident that AK-
RSP had a low degree of esterification compared to other RSPs because
of the desertification under alkaline extraction conditions (Hua, Yang,
Din, Chi, & Yang, 2018). The peak near 1430 cm ! was attributed to the
bending vibration of C—H. The peak at 1240 cm™! was a characteristic
of C—O—C. The absorption peaks at 1145 cm ™! and 1020 cm ™! were
associated with the C—O—H side group of pyranose ring vibration and
C—O—C glycosidic bond vibration, respectively (Wang et al., 2016). In
addition, the characteristic absorption at 890 cm™! suggested RSPs
contained p -glycosidic linkages between the sugar units (Chen et al.,
2019). These results indicated that different extraction methods had no
clear effects on the conformation and glycosidic bond types of RSPs,
which was consistent with the previous study (Chen et al., 2019; Sun
et al., 2018).

Fermentation properties in vitro

Total carbohydrates and pH

The consumption of total carbohydrates and the change of pH re-
flected the fermentation process. Generally, gut microbiota metabolize
polysaccharides to produce SCFAs that lower the pH in the gut (Huang
et al., 2019). As shown in Fig. 2, the total carbohydrates consumption
and pH value of the four RSPs and Inulin were significantly changed
within 24 h (p < 0.05), but the variation trend of each RSP and Inulin
was different. For total carbohydrates consumption (Fig. 2A), the total
carbohydrates consumption of Inulin and the RSPs all reached more
than 80 % after 24 h, indicating these could be well utilized by fecal
microbiomes. However, the total carbohydrates consumption of Inulin
had reached 69.50 % at 6 h, while the rapid fermentation period of the
four RSPs was mainly concentrated in 6-12 h, suggesting that the
fermentation rate of Inulin was faster than that of RSPs. This may be
because Inulin has a small molecular weight(about 6179 Da)and can be
rapidly fermented by fecal microbiomes, leading to a rapid decrease in
pH (Huang et al., 2019), while RSPs have more complex structure and
higher degree of substitution, which makes their fermentation speed
slower. And the consumption rate of AK-RSP was relatively slow among
the four RSPs, which may be due to its large molecular weight and rich
content of RG-I, thereby being metabolized slowly by gut microbiota
(Mao et al., 2019).

For pH, after 24 h of fermentation, the pH values of all samples
decreased significantly (Fig. 2B, p < 0.05). The pH value of Inulin
decreased fastest, but basically remained stable at about 4.50 during
12-24 h, which was similar to fermentation of Inulin in the previous
study (Zhou, Zhang, Huang, Yang, & Huang, 2020). This indicated that
Inulin could be considered as a fast-fermentable carbohydrate, which
was consistent with the results of total carbohydrates consumption rate.
The pH of AK-RSP decreased continuously and slowly, which may be
related to its slow consumption rate of total carbohydrates. The pH
values of HW-RSP, AA-RSP and EM-RSP increased before 12 h and then
decreased. According to the results of the total carbohydrates con-
sumption, it was speculated that the carbohydrate had been basically
consumed at 12 h, and the microbiomes used the protein in the medium
to produce alkaline substances such as amino acids, thus increasing the
pH of fermentation broth (Sun et al., 2021). Moreover, the final pH
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values of AA-RSP and EM-RSP were significantly lower than HW-RSP
and AK-RSP (p < 0.05). It was reported that low pH values were
conducive to the production of a beneficial intestinal environment
(Huang et al., 2019).

SCFAs

SCFAs are the main metabolites of polysaccharides fermentation by
human gut microbiota, especially acetic acid, propionic acid and butyric
acid (Koh et al., 2016), and more and more evidence showed that SCFAs
play a positive role in the health of the host (Gentile and Weir, 2018;
Huang et al., 2019; Ndeh and Gilbert, 2018). The concentrations of
acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid and
isovaleric acid were determined during fermentation and the results
showed that there was no significant difference (p > 0.05) in the con-
centration of total SCFAs (Fig. 2C) produced by RSPs and Inulin after 24
h fermentation, but they were significantly higher than that of Blank
group (p < 0.05), indicating that all RSPs may have similar SCFAs
production capacity to Inulin. The production of SCFAs in the Blank
group could be attributed to protein utilization by spoilage bacteria (Li,
Pang, Yan, Shang, Hu, & Shi, 2020). Notably, the rapid increase period
of total SCFAs level of AK-RSP was mainly concentrated in 12-24 h,
which was consistent with the results of total carbohydrates consump-
tion rate, suggesting that AK-RSP was a kind of slow fermentation
polysaccharide, and its fermentation site might be in the distal colon.
SCFAs produced in the distal colon can inhibit the metabolism of pro-
teins and lipids that produce harmful substances, thus reducing the risk
of colon cancer (Huang et al., 2019).

The main SCFA products of RSPs were acetic acid, propionic acid and
butyric acid and the content of acetic acid was the most abundant, which
may be related to the high content of GalA in RSPs (Mao et al., 2019).
Acetic acid is also the most abundant SCFA in the peripheral circulation
(Koh et al., 2016), which can cross the blood-brain barrier and reduce
appetite through the central homeostatic mechanism (Huang et al.,
2019). The variation trend of acetic acid concentration in each group
(Fig. 2D) was similar to that of total SCFAs concentration. The acetic
acid concentration of HW-RSP, AA-RSP, EM-RSP and Inulin increased
rapidly in the first 12 h, but slowly in 12-24 h. However, acetic acid
concentration of AK-RSP still increased significantly after 12 h (p <
0.05). While after 24 h, there was no significant difference in acetic acid
concentration between RSPs and Inulin (p > 0.05). And this trend was
consistent with the content of total SCFAs mentioned above.

It was reported that propionic acid can not only be converted into
glucose by gluconeogenesis to induce satiety in the host (Koh et al.,
2016), but also reduce the content of fatty acids in liver and plasma and
inhibit the synthesis of cholesterol (Ma, Jiang, & Zeng, 2021). Overall,
the concentration of propionic acid produced by the fermentation of
RSPs in our results (Fig. 2E) increased by 0.37-0.80 mM, and the final
concentration was higher than Inulin group. This slight increase may be
caused by the fermentation of Rha and other neutral sugars in RG-I
domain of RSPs (Mao et al., 2019).

As for butyric acid, it is the main energy source for colon cells, which
can improve intestinal immunity and prevent intestinal inflammation
and colorectal cancer (Koh et al., 2016). According to our results
(Fig. 2F), the production of butyric acid was mainly concentrated at the
later stage of fermentation, and the ability of RSPs to produce butyric
acid was significantly higher than that of Inulin, especially AA-RSP (p <
0.05). The concentration of butyric acid in this group at 24 h was
significantly higher than that of the other three RSPs (p < 0.05).

For valeric acid (Fig. S1B), isobutyric acid (Fig. S1C) and isovaleric
acid (Fig. S1D), many studies have shown that they were not the main
products of polysaccharide fermentation (Ding et al., 2019; Li, Xie,
Huang, Shao, You, & Pedisic, 2021; Wu et al., 2021), and there was also
no obvious change observed in our study.

Based on the above results, it showed that the structure of poly-
saccharides could affect the type, production rate and content of SCFAs
during fermentation process.



S. Chen et al. Food Chemistry: X 17 (2023) 100533

S 100 - ——HW 7.51 a ——nwW
g Ii; 7.0 - g TTAA
};" 80 ey M : a :__g]]\f[
> ==t==Inulin a ==¢=Inulin
E 654 a e Blank
= 60 1
S 6.0
z
g 404 ]
- 5.5
)
g 5.0
= 201
3
2 4.5
g 09
© — . . 4.0 = - :

0 3 6 12 24 0 3 6 12 24

Time (h) Time (h)

20 B

—
[0,
1
=
5
E
5

Total SCFAs (mM)
=
Acetic acid (mM)

0 3 6 12 24
6 12 24 )
Time (h) Time (h)

(E) (F)

. 257 mmnv
[aa C Claa
201 Eax c¢ LAk
I =M b [} Y
I 1nulin ( D 2.01 I 1nulin
g I Blank B B b E I Biack
g 1.54 C3CAB
-~ b, bc g 1
= < 1.5
2 1.0] aBbogab 22 iga S
g ’ 1.0
2 g
A ==}
0.5 1
0.5
0 3 6 12 24
. 0 3 6 12 24
Time (h) Time (h)

Fig. 2. (A) Total carbohydrates consumption; (B) pH value; (C) total SCFAs, (D) acetic acid, (E) propionic acid, (F) butyric acid content of RSPs during the whole
fermentation process. Data are means + SD of three replicates. Different letters of the same color represent significant differences (p < 0.05). RSPs: polysaccharides
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Gut microbial communities

In the present study, fecal microbiota after 24 h fermentation was
analyzed by 16S rRNA high throughput sequencing technology to
evaluate the impact of RSPs on gut microbiota. The optimized readings
were clustered into 2548 OTUs with 97 % similarity. The Venn diagram
of RSPs and Inulin was shown in Fig. 3. The dot below the bar indicates
the number of unique and overlapping OTUs in different group. For
instance, the number of OTUs shared by the five groups was 224. The
Venn diagram showed that EM-RSP had the largest number of OTU,
which may be related to its highest RG-I centent (Mao et al., 2019). And
previous studies have shown that the diversity of gut microbiota was
negatively correlated with individual susceptibility to disease (Ma et al.,
2021). Additionally, the number of OTU shared by four RSPs was only
224, indicating that the structure of RSPs had a significant effect on the
diversity of gut microbiota.

The composition of gut microbiota in each group was compared at
different levels. At the phylum level (Fig. 4A), Firmicutes, Bacteroidetes,
Proteobacteria and Actinobacteria were the dominant bacteria among
all groups, which was consistent with the results reported previously
(Ma et al., 2021). However, the relative abundance of Bacteroidetes in
Inulin group was obviously lower than those of RSPs, probably because
the pH value of Inulin group was lower during fermentation, which was
not conducive to the growth of Bacteroidetes (Li et al., 2021). Moreover,
the Firmicutes / Bacteroidetes (F / B) ratio of the four RSPs were
absolutely lower than that of Inulin. It was reported that lower F/B ratio
was associated with lower energy intake, which might be beneficial for
reducing the risk of obesity (Ma et al., 2021). Proteobacteria, including
Shigella, Salmonella, Escherichia and other pathogenic bacteria, can affect
the health of the host and cause unstable gut microbiota associated with
low-grade inflammation (Zhang et al., 2020). The relative abundance of
Proteobacteria of Inulin was slightly higher than RSPs. This may be due
to the small molecular weight of Inulin (about 6179 Da), and Proteo-
bacteria are most likely to use low-molecular-weight carbon sources to
maintain growth (Zhang et al., 2020).
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At the class level (Fig. 4B), all groups were mainly consieted of
Bacterodia, Clostridia, Proteobacteria-Gammaprpteobacteria, Bacilli
and Actinobacteria. Compared to the RSPs, the Inulin group had the
highest abundance of Bacilli and the lowest abundance of Bacteroidia.
Inulin had previously been shown to promote the growth of Bacillus
(Zhou et al., 2020), which belongs to Bacilli and it was corresponded
with our stduy. At the order level (Fig. 4C), Bacteroidales, Enter-
obacterales, Lachnospirales, Lactobacillales were the dominant bacteria.

At the family level (Fig. 4D), the bacteria with high relative abun-
dance mainly included Bacteroidaccac, Enterobactcriaccac, Lachno-
spiraccac, Enterococcacca, Ruminococcaccac and Bifdobacteriaccac.
Compared with other groups, AK-RSP had a higher relative abundance
of Lachnospiraccac, and AA-RSP had a higher relative abundance of
Bifidobacteriaceae. Lachnospiraccac can prevent obesity and colon
cancer by producing butyric acid (Ma et al., 2021), and Bifidobacteria
has many physiological functions availing to human health (Ding et al.,
2019). These results indicated that RSPs significantly altered the
composition of gut microbiota.

The heat map was used to compare the top 30 bacteria in different
groups at the genus level, and the result was shown in Fig. 5. Generally,
the relative abundance of some beneficial bacteria in RSPs, such as
Bifidobacterium, Lactobacillus, Bacteroidetes and Parabacteroides, were
higher than that of Inulin (Ding et al., 2019; Huang et al., 2019; Ma
etal., 2021; Wu et al., 2021). To be more specfic, the relative abundance
of Bifidobacterium in AA-RSP was the highest, but the relative abundance
of Lactobacillus in AK-RSP and EM-RSP was higher. Both of Bifidobacte-
rium and Lactobacillus are common probiotics (Huang et al., 2019).
Bacteroidetes was relatively abundant in HW-RSP and was associated
with SCFAs production in the gut (Li et al., 2020). Moreover, the relative
abundance of Parabacteroides was higher in EM-RSP and Parabacteroides
had been reported to improve metabolic disorders caused by obesity,
such as hyperglycemia (Ma et al., 2021). However, some pathogenic
bacteria such as Escherichia-Shigella was more abundant in Inulin, which
may be due to its main use of carbon sources with low molecular weight
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Fig. 3. Venn diagram for OTUs of RSPs. RSPs: polysaccharides extracted from R. sterilis S.D.Shi. HW: polysaccharides extracted by hot water; AA: polysaccharides
extracted by acid; AK: polysaccharides extracted by alkali, EM: polysaccharides extracted by enzyme.



S. Chen et al.

100

80

40

20

I |
» I
~

Relative Abundance
E
: I
=
|

AA EM  Inulin
©
e —
Bf = N
= h
80 |
g =
N -
g I
=
<
5‘"
£ w0 I I
&

20

EM  Inulin

<
= I

Food Chemistry: X 17 (2023) 100533

100

Bacteria-Gammaproteabacteria

80

a-Gammaproteobacteria

60

40

Relative Abundance
)
< =]
|
I
= I
~

- e
[
]
°
°

Inulin

® Others

=
=
>
-
=
z
2

D)

100

80

i
Eai.

Relative Abundance
L]
L
I
NS D .

60

40

20

=
=

<
2 .
-

>
-

EM  Inulin

Fig. 4. Comparison of gut microbiota of RSPs and Inulin. (A) the relative abundance of gut microbiota at phylum level, (B) the relative abundance of gut microbiota
at class level, (C) the relative abundance of gut microbiota at order level, (D) the relative abundance of gut microbiota at family level. RSPs: polysaccharides extracted
from R. sterilis S.D.Shi. HW: polysaccharides extracted by hot water; AA: polysaccharides extracted by acid; AK: polysaccharides extracted by alkali, EM: poly-

saccharides extracted by enzyme.

to maintain its growth (Wu et al., 2021). And it was reported that
Escherichia-Shigella may cause gut microbiota imbalance, resulting in
intestinal inflammation (Zhang et al., 2020). Besides, Enterococcus and
Erysipelotrichaceae-UCG-003 also had a higher abundance in Inulin.

T-test was used to compare the bacteria of each RSP and Inulin,
respectively, to further verify the difference between their gut micro-
biota, and the results (Fig. S2) were consistent with the above analysis.
Bacteroidetes, Escherichia-Shigella,Enterococcus and Erysipelotrichaceae-
UCG-003 etc. all showed significant differences between RSPs and Inulin
(p < 0.05). And the relative abundance of Bifidobacterium in AA-RSP
was significantly higher than that in Inulin (p < 0.01). These results
suggested that RSPs can regulate the composition of gut microbiota and
promote the proliferation of beneficial bacteria. Moreover, the probiotic
effects of RSPs with different structures were different.

In order to specifically compare the taxa differences among RSPs
with different structures, LEfSe analysis (Fig. S3) was performed. Ac-
cording to the LDA scores (log10, >3), a total of 60 bacterial taxa were
markedly enriched in different groups, including 24 taxa in Inulin
(purple), 9 taxa in HW-RSP (orange), 7 taxa in AA-RSP (red), 11 taxa in
AK-RSP (green) and 9 taxa in EM-RSP (blue). For instance, HW-RSP
mianly promoted the growth of Bacteroidaceae family, Bacteroides and
its next-generations, such as Bacteroides vulgatus and Bacter-
oides_uniformis. While AA-RSP visibly promoted the growth of Bifido-
bacteriaceae family and its generations. AK-RSP significantly increased
the abundance of Bacteroidales and Monoglobales. As for EM-RSP, it
mainly showed obvious increase in the abundance of Gemmationadetes.

In order to more clearly evaluate the impact of RSPs structure on gut
microbiota, Spearman was used to analyze the correlation among the
structure of RSPs, SCFA production level and the top 5 bacteria in
abundance at genus level. Results were presented in Fig. S4.

Bacteroides showed significant positive correlation (r = 0.75) with

propionic acid production, which was consistent with other research
results (Li et al., 2020). In addition, Bifidobacterium were also correlated
with butyric acid. In the previous LEfSe analysis, it was found that AA-
RSP significantly promoted the growth of Bifidobacterium, which pre-
cisely explained the highest concentration of butyric acid generated in
the AA-RSP. But other studies showed that Bifidobacterium was mainly
associated with the production of acetic acid (Koh et al., 2016; Wu et al.,
2021), which may be caused by the differences between the people who
providing faeces (Wu et al., 2017). It was reported that Faecalibacterium
can consume acetic acid to produce butyric acid and anti-inflammatory
factors (Ma et al., 2021), and it also showed a negative correlation with
acetic acid (r = -0.59) in our study. Previous study reported that acetic
acid was produced mainly by the fermentation of Gal and GalA, the
production of propionic acid was due to the fermentation of Ara and Glc,
and the production of butyric acid was attributed to GalA (Wang et al.,
2019). But in our study, both Rha and Ara showed a strong positive
correlation with acetic acid (r = 0.73, 0.75) and propionic acid (r = 0.79,
0.82), which might be caused by the difference of raw materials, fecal
microbiota and culture medium (Song et al., 2021; Wu et al., 2017).
Besides, the composition and structure of polysaccharides also had
obvious correlation with bacterial community. Similar to the results
reported, favorable changes in the composition of bacteria were closely
related to neutral sugars and the degree of side chain (Mao et al., 2019).
To be more specific, Bacterides showed positive correlation with Ara,
because 60 % of Bacteroides could degrade arabinoglycan side chain in
RG- I region (Mao et al., 2019). Escherichia-shigella, Bifidobacterium,
Faecalibacterium and Paraclostrium were all positively correlated with
Gal, and the top three bacteria were also positively related to Glc. It can
be found that Bifidobacterium had a strong connection with Glc. Previous
study has compared the molar growth yield of Bifidobacterium S 324 on
different monosaccharides, the results showed that except Lac, its molar
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R. sterilis S.D.Shi. HW: polysaccharides extracted by hot water; AA: polysaccharides extracted by acid; AK: polysaccharides extracted by alkali, EM: polysaccharides

extracted by enzyme.

growth yield in Glc was the highest (de Vries & Stouthamer, 1968),
confirming the results of this study. Furthermore, the overall top 5
bacteria were negatively correlated with the linearity of poly-
saccharides, while the side chain size was positively associated with
them. This indicated that polysaccharides with high branching degree
can promote the growth of bacteria, especially beneficial bacteria (Zhu
et al., 2020). Moreover, according to the results of this study, Bifido-
bacterium and Faecalibacterium may be synergistic and mutually
promoting.

As shown in Fig. S5, PICRUST was used to analyze the associated
KEGG pathways in order to predict the metabolic function of gut
microbiota. The metabolic pathways of RSPs and Inulin showed
extremely high similarity, including membrane transport, carbohydrate
metabolism, amino acid metabolism, replication and repair, energy
metabolism, etc., but their abundance were different. Compared to
Inulin, the metabolic pathways of HW-RSP, AA-RSP and AK-RSP were
mostly attenuated, while 35 metabolic pathways were enhanced in EM-
RSP.

To further evaluate the effects of RSPs on the metabolism of poly-
saccharides, lipids and proteins in gut microbiota, iPath was used to
analyze the specific metabolic pathways of RSPs (Fig. S6). In the figure,
pink represented the common metabolic pathway of RSP and Inulin,
green represented the unique metabolic pathway of Inulin, and other
colors represented the unique metabolic pathway of corresponding RSP.

Compared with Inulin, HW-RSP (Fig. S6A) had special metabolic
pathways in lipid metabolism and biosynthesis of other secondary me-
tabolites. They included glycerophospholipid metabolism, sphingolipid
metabolism, steroid biosynthesis, primiary bile acid biosynthesis and
indole alkaloid biosynthesis. AA-RSP (Fig. S6B) and AK-RSP (Fig. S6C)

10

had the same specific metabolic pathway, namely peptidogilycan
biosynthesis and lysine biosynthesis. Surprisingly, EM-RSP (Fig. S6D)
not only contained almost all of the characteristic metabolic pathways of
the other three RSPs mentioned above, and it also contained archidonic
acid metabolism, xylene degradation, penicillin and cephalosporin
biosynthesis, caffeine metabolism and amino acid metabolism including
lysine, serine, threonine, arginine and proline. Previous results showed
that EM-RSP had the highest number of OTU and the highest diversity of
microbiota, which may explained why it had the most unique metabolic
pathways. These results suggest that RSPs can regulate the metabolism
of gut microbiota, improve intestinal health as Inulin and have the
possibility to become a potential prebiotics.

Conclusion

In this study, the effects of four different extraction methods on the
yield, structure and in vitro fermentation characterizations of RSPs were
compared. HW-RSP and AA-RSP showed high content of Gal, Glc and
GalA. The molecular weight of HW-RSP was the smallest, and it was
fragmentary under SEM. AK-RSP had the highest GalA content and the
largest molecular weight. And EM-RSP were rich in RG-I and showed the
highest degree of branched chain. All RSPs promoted the production of
SCFAs, mainly acetic acid, propionic acid and butyric acid. And RSPs
regulated the composition of gut microbiota by promoting the growth of
beneficial bacteria like Bifidobacterium, Bacteroides, Faecalibacterium and
Paraclostrium to varying degrees, but inhibiting the growth of harmful
bacteria such as Escherichia-shigella. Among four RSPs, EM-RSP exhibi-
ted the best microbial diversity and the function prediction results
showed that EM-RSP had the most special metabolic pathways. All these
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results suggested that RSPs had good probiotics potential, and could be
developed as functional foods. At the same time, the research of po-
tential functions of R. sterilis S.D.Shi polysaccharides is of great signifi-
cance to improve the development and utilization of R. sterilis S.D.Shi
resources and expand its development prospects. The limitation here is
that only in vitro simulated fermentation was performed, further in vivo
experiments would be employed to confirm these conclusions.
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