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Background: Sparassis crispa polysaccharides (SCPs) have multiple pharmacological activities. Fermentation charac-
teristics of SCPs and its effects on the intestinal microbes in mice remain inconclusive.

Results: In this study, SCPs were fermented by the human feces and used to administer the Kunming mice to explore
the fermentation characteristics of SCPs in the intestinal tract and the effects on the intestinal microbes in mice.
Results from in vitro experiments revealed that SCPs were utilized by intestinal microbiota to produce short-chain
fatty acids (SCFAs). The specific monosaccharide composition of SCPs determines which SCFAs are produced. Further-
more, the colon index and villi length of the SCPs-treated mice were significantly higher compared with the control
group. In addition, SCPs exhibited beneficial effect on the relative abundance and diversity of dominant bacteria in
the intestinal tract, such as increasing Bacteroidetes/Firmicutes ratio and up-regulating SCFA-producing bacteria,
including Bacteroidales_S24-7_group, Alloprevotella, Alistipes, Bacteroides, Butyricimonas, Parabacteroides, Lachno-
spiraceae_NK4A136_group and Oscillibacter. SCPs increased the abundance of genes in carbohydrate, amino acid, and

Conclusion: Our results indicate SCPs can improve the physiological indices of the colon in mice, which is likely to
be associated with the increase in the relative abundance and diversity of SCFA-producing bacteria and SCFAs level
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Introduction

Intestinal microecosystems, composed of intestinal
microbiota and the environment in which they live, are
one of the most important and complex human micro-
ecosystems. Intestinal microbiota plays an important
physiological role in host immunity and metabolism and
is affected by internal and external environmental fac-
tors [1]. Moreover, an imbalance within the intestinal
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microecology is associated with the development of
certain diseases [2]. Indeed, the reduction of intestinal
microbiota diversity has been proved to induce obesity
and low-level inflammation and changes in microbial
flora composition are closely associated with the devel-
opment of diabetes, coronary heart disease, and stroke
[3]. Studies have shown that intestinal microbiota diver-
sity and abundance can be regulated by adjusting our
diets [4-7], such as taking more dietary polysaccha-
rides, to maintain human health [8, 9]. For example, gut
metabolites of blackberry ameliorated ROS overproduc-
tion, mitochondrial membrane collapse, and glutathione
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depletion induced by high glucose plus palmitic acid in
HepG2 cells [4]. Pelargonidin-3-O-glucoside not only
modified the gut microbiota composition, but also
strengthened the intestinal barrier integrity [8].

Polysaccharides play important roles in the mainte-
nance of human health. Specifically, polysaccharides
have defined functions in hypoglycemia, hyperlipidemia,
immune regulation, intestinal defecation [10], anti-
inflammation [11], anti-oxidation [12], and protection of
lipotoxicity [13] and the intestinal barrier structure and
function [14, 15]. For example, the polysaccharide from
Rubus chingii Hu had the cytoprotective effect against
palmitic acid-induced lipotoxicity in normal human
hepatocyte cell line L02 [13]. Co-consumption of green
tea derived products with wheat starch could delay
the intestinal absorption of glucose [14]. Furthermore,
although the human body is incapable of absorbing and
digesting polysaccharides, they can be transferred to the
large intestine where they are fermented by intestinal
microorganisms to produce lactic acid, ethanol, succinic
acid and other intermediates, and subsequently be con-
verted into short-chain fatty acids (SCFAs) [16]. Recently,
increasing attention has been given to study the effect
of polysaccharides on intestinal function. The various
polysaccharide structures, including chain length, types
of glycoside bonds, connection modes, and molecular
weight, affect the intestinal microflora composition [17,
18]. Specifically, polysaccharides from Helicteres angus-
tifolia L significantly elevated the relative abundance
of Actinobacteria and the ratio of Bacteroidetes to Fir-
micutes [19]. Lentinula polysaccharides also significantly
decreased the amount and the diversity of OTUs in gut
microbiota [20]. Dendrobium officinale polysaccharides
(DOP) increased the population of Firmicutes and Bac-
teroidetes and decreased the abundance of Proteobacteria
[21]. Thus, most natural polysaccharides have a potential
application as novel prebiotics by promoting the repro-
duction of Bifidobacterium or Lactobacillus and increas-
ing the production of SCFAs.

Sparassis crispa (S. crispa) is a kind of rare, medicinal,
edible mushroom with a fruiting body that has rich nutri-
tional value containing many active substances. The main
component of S. crispa is B-glucan, and its content is
between 40 and 43%, which is the highest among mush-
rooms [22]. S. crispa polysaccharides (SCPs) containing
B-glucan are reported to possess anti-tumor effects in
mice with strong vascular dilation and hemorrhage reac-
tions [23]. Oral administration of B-glucan from S. crispa
may modulate cytokine induction in the spleen through
the activation of Peyer’s patches [24]. It has been suc-
cessfully confirmed that SCPs exhibit anti-allergic effect
in both in vivo and in vitro models [25]. Purified SCPs
exhibit neuro-protective activity against L-Glu-induced

Page 2 of 15

neuronal apoptosis in DPC12 cells and can be a poten-
tial therapeutic or modulating agent for neurodegenera-
tive damage [26]. Furthermore, previous studies showed
that the B-glucans in mushroom could not be digested
in the human gastrointestinal tract and were thus con-
sidered as a potential source of prebiotics. Mushroom
B-glucans possess profound health promoting properties
like speeding up the transit of bowel contents, increas-
ing fecal bulk and frequency, consequently protecting the
body from colon cancer, diverticular diseases and irrita-
ble bowel syndrome [27]. Although many studies on the
SCPs have been carried out, data on the fermentation
characteristics of SCPs and their effects on the intestinal
microbes in mice are limited and the underlying mecha-
nism of the effects of SCPs on intestinal microbes are still
largely unclear.

Thus, in this study, SCPs were fermented by the human
feces to explore the fermentation characteristics of SCPs
in the intestinal tract and used to administer the Kun-
ming mice to investigate their effects on the intestinal
microbes in mice. The results of this study may be use-
ful for further applications of SCPs as a new hydrocolloid
source in food industries.

Materials and methods

Reagents

Concentrated sulfuric acid (H,SO,), 3,5-dinitrosalicylic
acid (DNS), sodium hydroxide (NaOH), and sodium
sulfite (Na,SO;) were analytical reagents and were
obtained from Tianjing Chemical Reagent 3th Factory
(Tianjing, China). Xylose, fructose, arabinose, mannose,
glucose, galactose, and fructose were purchased from
Solarbio Technology Co., Ltd (Solarbio, Beijing, China).

SCPs extraction and identification

S. crispa was supplied by the Edible Mushroom Center
of Shanxi Agricultural University (Shanxi, China). The
SCPs were prepared according to our previous method
[28]. Briefly, S. crispa was ground into powder, passed
through 200-mesh sieves, and macerated in distilled
water (1:38.8[w/v]) for 3 h at 80 °C. Samples were then
centrifuged and added triploid volume of anhydrous eth-
anol overnight at 4 °C to precipitate the extract. Crude
SCPs were separated from the protein using the savage
method and purified by HZ830 macroporous resin and
a diethylaminoethyl (DEAE)-cellulose column (Solarbio,
Beijing, China). The estimated molecular weight of SCPs
was 215 Da~ 393 kDa by high-performance gel permea-
tion chromatography analysis [28]. The monosaccharide
compositions of SCPs were galactose, glucose, xylose,
mannose, and fructose in the mole ratios of 10.55: 24.76:
2.51: 5.64: 1 using ion chromatography analysis following
complete acid hydrolysis [28]. The major structural units
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were a $-(1 — 3)-D-glucan with a single f-(1 — 6)-D-glu-
cosyl side branching every three residues based on 1D
and 2D NMR spectrum analysis [28].

In vitro experiments

Preparation of human intestinal microbiota

The fresh feces from six healthy adults (25 years old, 3
males and 3 females) who had no history of gastrointesti-
nal diseases and had not used antibiotics within 3 months
were collected and mixed thoroughly. Mixed solids were
added to a Dulbecco’s phosphate-buffered saline (DPBS,
10% [v/v]) solution with a final concentration of 20%
(w/w). After being homogenized for 1 min, the homogen-
ate was filtered with double nylon gauze, and the result-
ing liquid was separated into a sterilized 100 mL conical
tube and packed with a stopper until further use. All
study participants provided informed consent, and the
study was approved by the Ethics Committee of Shanxi
Agricultural University and carried out in accordance
with Declaration of Helsinki.

Detection of biochemical indexes in fermentation broth

The prepared SCPs solution (2 mg/mL) was autoclaved,
added to conical tubes containing human intestinal
microbiota, and placed into aseptic anaerobic culture
bags (Haibo, Qingdao, China). The bags were sealed and
the tubes were shaken seven times to mix the contents
evenly. Then the mixtures were fermented at 37 °C for 1,
2, 6, 12, 24, and 48 h, respectively. Uncultured fermen-
tation broth (0 h) was used as control. The pH of the
fermentation broth was determined using a pH meter
(ST3100; Ohaus Instruments, Parsippany, NJ, America)
and the ODg,, value was measured using an ultravio-
let spectrophotometer (Cary 4000; Agilent, Santa Clara,
CA, America). The total sugar content in the fermenta-
tion broth was measured using the phenol-sulfuric acid
method, and the reducing sugar content in the fermenta-
tion broth was determined by the DNS method [29, 30].
The monosaccharide composition in the fermentation
broth was assayed according to a previous method [31].
Briefly, clarified fermentation liquid was filtered with a
0.45 pm water-based filter, collected in a 1.5 mL brown
sample bottle, and determined by the Shimadzu 2014C
gas chromatography (Agilent Technologies Inc., Santa
Clara, America). The temperature of the injector and the
detector were 250 °C and 280 °C, respectively. The injec-
tion dose of 1 uL. was normal injection without splitting.
The flow rate of carrier gas (N,), air and hydrogen were
1.5, 450 and 60 mL/min, respectively. Finally, the SCFAs
composition was assessed using solid-phase microextrac-
tion (SPME)-GC-MS (Thermo Fisher, Shanghai, China).
An HP-INNOWAX (30 m x 0.32 mm ID) column was
employed and the injection parameters for the GC-MS

Page 3 of 15

were as follows: helium as the carrier gas, flow rate of
19.0 mL/min, non-shunt injection and heating at 100 °C
for 30 s, and a heating rate of 4 °C /min from 100 °C to
180 °C.

In vivo experiments

Experimental design

Male Kunming mice (6 weeks old, 25+2 g) were pur-
chased from Weitong Lihua Animal Testing Co., Ltd.
(Beijing, China) and placed in an animal house with the
appropriate environmental condition (temperature of
22+0.5 °C, humidity of 50+5%, and a light: dark cycle
of 12:12 h) for 7 days to acclimate the test conditions,
during which they had free access to standard labora-
tory pellets and water. Experimental animal protocols
and procedures complied with the Guide for the Care
and Use of Laboratory Animals (U.S. National Academy
of Sciences, National Institutes of Health Publication
6-23, revised 1985) and the principles and procedures of
the European Communities Council Directives (86/609/
EEC). The protocols also received an approval from the
Ethics committee of Shanxi Agricultural University.
Every effort was made to maximize the well-being of the
mice, minimize their suffering and the number of animals
needed for the study.

After the acclimation, 96 healthy male mice were ran-
domly divided into four groups. The control group (CG)
was administered intragastrically by 0.9% normal saline
and the low-dose group (LDG), medium dose group
(MDG) and high-dose group (HDG) were administered
intragastrically by 50, 100, 200 mg-kg™' SCPs solutions
(dissolved in 0.9% normal saline), respectively. During
gavage, they drank water and ate the feed freely. The
composition of basic diet is shown in Table S1. After
treatment for 7, 14, or 21 days, six mice from each group
were randomly chosen to collect the feces for measure-
ment of water content and the colon tissues for further
analysis. The colon tissues were weighed, measured the
length, and then carefully scraped to collect the contents
for high-throughput sequencing analysis after treat-
ment for 21 days. Part of clean colon tissues was fixed in
Bouin’s fixative solution for histological observation. The
remaining colon tissues in each group were cut, mixed,
washed and shook with ultra-pure water, and then cen-
trifuged at 2700 x g. The precipitation was collected in a
sterile EP tube and frozen at — 80 °C for determining the
reducing sugar, monosaccharide, SCFAs contents.

Histological observation of the colon

After being fixed for 24 h, the colon samples were dehy-
drated, cleared, paraffin embedded, sectioned, stained
with hematoxylin and eosin (H&E), and finally mounted.
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Afterwards the samples were observed via light micros-
copy (Olympus, Tokyo, Japan).

Determination of fecal water content
After being weighed (m,), the feces were dried in an oven
at 105+2 °C for several hours to constant weight, and
then taken out to weigh (m;) again.

Water content (%)= (m,—m,)/m, x 100%

Detection of the reducing sugar, monosaccharide, and SCFAs
contents of mice

About 4 g colon tissues of mice in each group were
cut into pieces, put in a 50 mL sterile centrifuge tube,
washed repeatedly with ultra-pure water, and added the
ultra-pure water to 50 mL. After being centrifuged at
4000 r/m, the supernatant was collected in the sterile EP
tube for the determination of reducing sugar, monosac-
charide, and SCFAs contents in colon contents by the
DNS method [29, 30], gas chromatography [31], and
solid-phase microextraction (SPME)-GC-MS (Thermo
Fisher, Shanghai, China) as in vitro study.

Preparation of total DNA and high-throughput sequencing
analysis
Fecal samples collected from the intestinal tissue of
mice that had been fed for 21 days were used to extract
DNA using the Soil DNA Kit (DNB100-50RXN; Sigma-
Aldrich, St Louis, America). DNA was purified using 1%
agarose gel electrophoresis and then stored at — 80 °C.
High-throughput sequencing of the intestinal micro-
biota was carried out by the Baimike Biology Company,
Beijing, China. Sequencing results were first spliced
according to overlapping relationships, followed by qual-
ity control measurement, including filtering out sequence
artifacts, and analysis for operational taxonomic unit
(OTU) clustering of sequences, which was completed
using Mothur software (https://www.mothur.org/) to
assess the degree of species similarity between samples.
For the identification of differences in the functional
genes among different intestine microbes, the Clusters of
Orthologous Groups (COG) annotation was conducted
against the COG database by BLASTp [32]. The Phylo-
genetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) was used to predict the
KEGG category [33].

Statistical analysis

Data are presented as the meanzstandard deviation
(SD). GraphPad Prism 5.0 software (GraphPad Software
Inc., La Jolla, CA, America) was used for performing
one-way ANOVA with a post hoc Tukey’s test. P<0.05
indicated statistical significance.
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Results

In vitro experiments

Effects of SCPs on biochemical indexes of fermentation broth
The results showed that the fermentation broth had an
initial pH value of 6.53 and ODy, value of 0.21. As fer-
mentation progressed, the pH decreased gradually at
first, reaching a low value of 5.17 after 24 h of incubation
(P<0.05), followed by an increase to 5.48 at the 48-h time
point (P<0.05). Conversely, the ODy, increased gradu-
ally at first, and reached a maximum of 1.72 after 24 h
of incubation (P<0.05); afterwards the ODg,, began to
decrease, and the final value was 1.31 at the end of the
experiment (P<0.05) (Additional file 1: Figure S1).

Compared with the starting concentration, the
total sugar content in the fermentation broth gradu-
ally decreased with the increase of fermentation time
(P<0.05). After 2 h of fermentation, the total sugar con-
tent in the broth decreased significantly (P<0.05), and
reached the lowest value at 24 h. After that, the total
sugar content was relatively unchangeable. However,
the reducing sugar content in the fermentation broth
firstly increased and then began to gradually decrease
from 2 to 6 h of incubation, during which the concen-
tration remained relatively stable until the experiment
was terminated at 48 h (Table 1). Moreover, the content
of reducing sugar was significantly increased compared
with the starting concentration (2 <0.05).

Fermentation broth contained primarily five mono-
saccharides, namely, glucose, mannose, fructose, xylose,
and galactose (Table 2). Throughout the fermenta-
tion process, the glucose content showed a downward
trend (P<0.05), while the concentrations of the other
four monosaccharides all increased at first and then
decreased, but their relative abundance differed at differ-
ent time points. The glucose contents in the broth after
fermentation from 1 to 48 h were remarkably reduced
compared with the starting concentration (P<0.05).
Compared with the starting concentration, the mannose

Table 1 Effects of SCPs on the total sugar and reducing sugar
content in the fermentation broth

Time (h) Total sugar (mg/mL) Reducing sugar (mg/mL)
0 1.866 £ 0.007° 0.141£0.001°
1 1.762 40.004° 0677 +£0.001°
2 1.206+0.003° 0.538+0003°
6 0.93340.001°¢ 0.27 +0.007¢
12 0.8324-0.008° 0.21140.003¢
24 0.70340.007¢ 0.19940.001¢
48 0.69940.001°¢ 0.15340.009¢

Data represent mean +SD (n=3). a, b, ¢, and d represent significant differences
among different time (P<0.05)
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Table 2 Effects of SCPs on the monosaccharide components of the fermentation broth
Fermentation time (h) Relative amount (%)

Glucose Mannose Fructose Xylose Galactose
0 30.0940.02° 4.09+0.03 11.92+001° 1.5340.03° 0.73+£0.01°
1 212340.03° 6.24+£0.02° 19.77+£001° 527 +002° 1.7440.04°
2 9.33+007° 7.26+£001° 20.3440.02° 528+002° 203+0.03°
6 3.06+£0.01¢ 5.88+0.04° 10.77 £0.05° 4114002° 287 £001°
12 1294001° 35440019 52140024 3.024001° 3.114004°
24 - 1.7440.03° 3.11+003° 288+001° 2.03+£0.03¢
48 - - 1.89+0.02f 2.5440.03° 04340019

Data represent mean+SD (n=3). a, b, ¢, and d represent significant differences among different time (P < 0.05)

contents were obviously higher in the broth after fer-
mentation from 1 to 6 h, while were significantly lower
in the broth after fermentation from 12 to 24 h (P<0.05).
The fructose concentration after fermentation for 1-2 h
was significantly higher than that at the starting time,
while were remarkably lower from 6 h of fermentation
(P<0.05). The xylose contents after fermentation for
1-2 h were significantly increased (P<0.05) and then
decreased. During the whole fermentation process the
xylose contents were obviously higher than the starting
concentration. The galactose concentrations were signifi-
cantly increased after fermentation for 1-12 h and then
remarkably reduced. During the whole fermentation pro-
cess, the galactose concentrations were significantly ele-
vated compared with the starting concentration except
48 h (P<0.05).

As shown in Table 3, only certain SCFAs existed in the
fermentation broth at the beginning of the fermentation
process, namely, acetic, propionic, and butyric acid. As
fermentation progressed, the relative total SCFAs con-
tents increased significantly (P<0.05). However, the
highest concentration of specific SCFAs varied at dif-
ferent fermentation time. The contents of acetic acid,
propionic acid, butyric acid reached the maximum after

Table 3 Effects of SCPs on SCFAs in the fermentation broth

fermentation for 6, 12, 24 h, respectively. The contents
of pentanoic acid were detected after fermentation for
6 h and had the peak value for 48 h. However, malonic
acid and enanthic acid could not be detected until 48 h of
fermentation.

In vivo experiment

Effects of SPCs on fecal water content

After treatment for 7, 14, 21 days with SCPs, the fecal
water contents in all experimental mice were significantly
higher than that in the control group (P<0.01). During
the whole experimental period, fecal water contents were
increased firstly and then decreased in different SCP
groups, while was decreased in the control group (Addi-
tional file 1: Figure. S2).

Effects of SPCs on the colon physiology of mice

The colonic index (Fig. 1a) in mice treated with SCPs
was increased significantly compared with that in
the control group, and colon length (Fig. 1b) was sig-
nificantly increased in HDG group after treatment
for 7 days and in all SCPs groups after treatment
for 14 and 21 days compared with that in the control
group (P<0.01). Figure 1c shows that the epithelium

Fermentation Relative amount (%)

Total content (%)

time (h) Acetic acid Propionicacid  Butyric acid Pentanoicacid  Malonicacid  Enanthic acid

0 110440004  0.29940.08° 0.460+0.01 - - - 1.863+£0.02°
1 3.10540007°  2.00140.02° 18174003° - - - 6.92340.04°
2 25764£0009°  2.369+0.07° 2.806+0.01° - - - 7.75140.03°
6 18.35440.08° 28064+009°  655324003° 0.78240.02° - - 284744003¢
12 33814003°  39.69840.06° 2088440029 07824003 - - 64.745+0.06¢
24 439340079 20.72340.04 30613+0.05° 04374 0.09° - - 56.166+0.02°
48 13478 4+0.03¢ 3454003° 91774008  3548940.07° 0.070+£0.04 16204008 6548140.11

Data represent mean & SD (n=3). a, b, ¢, and d represent significant differences among different time (P < 0.05)
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of colonic mucosa in the control group was complete
with clear structure, orderly arranged epithelial cells,
and the complete gland morphology. Compared with
the control group, the volume of intestinal gland in the
LDG group was increased, the lumen was narrowed
slightly, and the serous membrane was thinned slightly.
The muscle layer was thinned slightly, and the volume
of intestinal gland was increased in MDG group. The
lumen was narrowed and the muscle layer was thick-
ened in HDG group. Moreover, the villi length of SCPs-
treated mice increased significantly compared with that
of the control group (P <0.05, Fig. 1c).

Effects of SCPs on SCFAs, reduced sugar content

and monosaccharides in intestinal contents of mice
Compared with the control group, total SCFAs contents
in the intestinal contents of SCPs-treated mice were
increased significantly (P<0.01) in a dose-dependent
manner (Fig. 2a). However, the relative abundance of
each SCFAs varied during the course of the 21-day exper-
iment. Acetic acid (Fig. 2b), butyric acid (Fig. 2d), and
pentatonic acid (Fig. 2e) showed an upward trend during
the experiment, while the relative abundance of propi-
onic acid (Fig. 2c) began to decrease after 7 days, which
may be due to its metabolic characteristics in vivo.
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The total reducing sugar content in the control group
had a gradual decreasing trend, while that in all SCPs-
treatment groups increased within 14 days, followed by
a slight decrease. Overall, compared with the control
group, the total reducing sugar contents in the intes-
tines of SCPs-treated mice were increased significantly
(P<0.05) (Additional file 1: Figure. S3).

The relative content of each monosaccharide
in SCPs-treated mice was increased significantly

(P<0.05, P<0.01) compared with that in the control
group. Among them, the relative amounts of glucose
(Fig. 3a), fructose (Fig. 3d), and galactose (Fig. 3e) in
all SCPs groups demonstrated continuous upward
trends. Meanwhile, the relative abundance of xylose
and mannose (Fig. 3b, ¢) showed an initial upward
trend followed by a slight decline after 14 and 21 days,
respectively.
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Effects of SCPs on intestinal microbiota in mice

Effects of SCPs on the relative abundance of intestinal
microbiota in mice at the phylum level

The analysis of the phyla composition indicated that Bac-
teroidetes and Firmicutes were the most abundant intes-
tinal microbiota in SCPs-treated mice and control mice,
which accounted for approximately 97.11% of the total
intestine microbes, followed by Proteobacteria, Cyano-
bacteria, and Deferribacteres (Fig. 4). Compared with
the control group, the relative abundance of Firmicutes

decreased with the increase of SCPs concentrations, and
the percentage of Firmicutes in MDG and HDG was sig-
nificantly lower by 11.02% and 16.01% than that in the
CG (P<0.01). Firmicutes had the lowest proportion in
HDG, accounting for 45.66%, which was significantly
reduced compared with 54.37% in CG. The relative abun-
dance of Bacteroidetes raised with the increase of SCPs
concentrations, and the percentage of Bacteroidetes in
MDG and HDG was significantly elevated by 12.51% and
17.57% compared with the CG (P<0.01). The treatment
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with high-dose SCPs had the highest proportion of Bac-
teroidetes (51.79%), which was remarkably higher than
the CG (43.31%) (P<0.01).

Effects of SCPs on the relative abundance of intestinal
microbiota in mice at the genus level

At the genus level, compared with the control group,
the relative abundance of Bacteroidales_S24-7 group,
Alloprevotella, Bacteroides, Butyricimonas, and Para-
bacteroides in Bacteroidetes phylum increased with the
increase of SCPs dose. The relative abundances of Bac-
teroidales_S24-7 group, Alloprevotella, Bacteroides,
Butyricimonas, and Parabacteroides in the HDG were
elevated by 22.18%, 35.61%, 63.86%, 94.30%, and 295.24%
compared with the CG, respectively (Fig. 5). While the
relative abundance of Alistipes in Bacteroidetes phylum
in the LDG was decreased by 5.31% compared to the CG.
In Firmicutes phylum, the relative abundance of Oscil-
libacter and Lachnospiraceae NK4A136_group in the
HDG was increased by 93.75% and 22.03%, while Rumin-
iclostridium was reduced with the increase of SCPs con-
centration, which were decreased by 24.24% in the HDG
compared to the CG (Fig. 5).

Functional prediction of gut microbiota induced by SCPs
Analysis of metabolic pathways by KEGG

KEGG analysis of metabolic pathways can reveal the dif-
ferences and changes in microbial community functional
genes in different metabolic pathways among different
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treatment groups. It can also show changes in metabolic
function of intestinal microbiota in mice treated with
different concentrations of SCPs. Treatment with SCPs
resulted in differential expressions of 38 functional genes
within the intestinal microbiota in three experimental
groups (P<0.05) in a non-dose-dependent manner. The
results revealed that SCPs altered not only the composi-
tion and structure of intestinal microbiota in mice, but
also the functional genes associated with metabolic path-
ways. This is likely due to the significant roles of intesti-
nal microbiota in metabolism as well as in the endocrine,
excretory, immune, circulatory, and digestive systems
(Additional file 1: Figure. S4).

Functional prediction and analysis of COG

COG of proteins is a commonly used protein function
classification database for prokaryotes. COG detects
differences or changes in microbial functional proteins
between different treatment groups. The results revealed
that the functional proteins were detected in this experi-
ment. Treatment with increasing concentrations of SCPs
caused significant changes in the expressions of specific
functional proteins within the intestinal microbiota of
mice (Additional file 1: Figure. S5).

Discussion

We have shown here that polysaccharides are indeed fer-
mented into monosaccharides by intestinal microbiota,
which differs from the glycoside bonds that are broken
down only in the digestive tract [34], and the glucose and
mannose were the primary monosaccharides utilized by
intestinal microorganisms during the fermentation of
SCPs in vitro.

Due to the production of a large number of SCFAs and
the proliferation of intestinal microbiota during the fer-
mentation process, the change of pH value and ODg,
value in the fermentation solution became important
indicators in the fermentation process of SCPs. Since the
intestinal microbiota in the human body can produce a
certain amount of SCFAs, the initial pH and ODg, val-
ues in the fermentation broth were 6.53 and 0.21, respec-
tively. As fermentation progressed, more hydrogen ions
were produced in the broth, thereby reducing the pH
value. Thus, SCPs may have been fermented as a means
to provide hydrogen ions to the environment. Mean-
while, the observed significant increase in ODg,, might
indicate that intestinal microorganisms could use poly-
saccharides to enhance proliferation and production of
SCFAs, which was proved by the SCFAs content in the
fermentation broth.

During the later stages of fermentation, the concentra-
tion of reducing sugars and total sugar decreased slowly,
while the pH value increased. In addition, malonic acid
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and heptanoic acid were produced, which might indi-
cate further fermentation of organic acids by intestinal
microorganisms. Beneficial bacteria ferment polysac-
charides to produce organic acids [35], the most com-
mon of which are butyric acid and propionic acid. These
organic acids not only increase intestinal osmotic pres-
sure, but also limit the process of putrefaction, which is
beneficial to the human intestinal tract [36]. In this study,
the total content of SCFAs in the fermentation broth
increased significantly with the fermentation time, espe-
cially the propionic acid and butyric acid, which dem-
onstrated that SCPs could gradually and continuously
regulate the intestinal microenvironment to produce
SCFAs. This result was proved by previous studies [15],
which indicated that SCPs could be degraded by intes-
tinal microbiota to produce SCFAs. It's worth noting
that the major fermentation products were acetic acid,
propionic acid, and butyric acid. The increased levels of
SCFAs in vitro fermentation of SCPs might be associated
with the release from the typical SCFAs-producing bac-
teria including Bacteroides, Bifidobacteria, Streptococcus
and Butyricimonas [35]. It was interesting to note that
the concentration of acetic acid in vitro fermentation of
SCPs reached a maximum level at 6 h, and then gradually
dropped to a lower level at 24 h, while the concentration
of propionic acid and butyric acid increased gradually
and reached a maximum level at 12 and 24 h, respec-
tively. It has been reported that about 24% of the colonic
acetic acid is converted into butyric acid and 3% into pro-
pionic acids [37]. Therefore, we speculated that some of
the acetic acid in vitro fermentation of SCPs might be
converted into propionic acid and butyric acid during
fermentation. The production of SCFAs can decrease the
pH of the intestinal tract, promote gastrointestinal motil-
ity, and inhibit the growth and proliferation of patho-
genic bacteria and harmful bacteria including E. coli, thus
prevent the occurrence of intestinal diseases and tumors
[38, 39]. Similar to in vitro results, SCFAs in the intestinal
content of our mouse model also increased significantly
after treatment with SCPs compared with control group.
Moreover, the relative concentration of butyric acid and
acetic acid in SCP-treated groups was shown to increase
significantly. However, the concentration of propionic
acid was observed to firstly increase and then decrease
during the experiment, which might be due to a physi-
ological requirement, wherein only a small amount of
propionic acid must remain in the intestinal tract, while
the rest is transferred to the circulatory system. Moreo-
ver, propionic acid and acetic acid produced by intesti-
nal microbiota metabolism are carried to the liver for
de novo synthesis of even-carbon fatty acids and SCFAs,
respectively [40]. It has also been reported that acetic acid
and propionic acid have anti-inflammatory effects, both

Page 11 of 15

acetic and butyric acid can regulate the composition and
structure of intestinal microbiota, and butyric acid is an
important energy source for the intestinal mucosa [41].
Therefore, the increase in specific SCFAs in our in vivo
study may have a beneficial role in maintaining intestinal
microbes. Additionally, it is reported that butyric acid
can promote postprandial insulin secretion, which may
be one of the mechanisms of polysaccharides reducing
blood sugar [42]. Thus, SCPs have the potential to reduce
blood sugar by regulating the content of SCFAs. The spe-
cific molecular mechanism requires further investigation.

The microbiota in the gut can ferment the most
extraneous polysaccharides, stimulate the growth and/
or the activity of some communities, and thus have an
effect on the host’s health [18]. In this study, Bacteroi-
detes and Firmicutes were the most abundant microbial
phyla in the intestines of SCPs-treated mice and con-
trol mice. Treatment with SCPs couldn’t change the
dominant intestinal microbiota of mice at the phylum
level. Bacteroidetes and Firmicutes account for >90% of
the bacterial population in the colon [43]. Low diversity
of intestinal microbiota at phyla level may be caused
by the host’s selective pressure on the composition
and function of gastrointestinal microbiome and the
relatively short human evolutionary history compared
with the long history of the Earth [44]. However, treat-
ment with SCPs could significantly increase the relative
abundance of Bacteroidetes spp. in the intestinal tract
while simultaneously decrease the relative abundance
of Firmicutes spp., which indicated that SCPs had cer-
tain regulatory effects on the structure of intestinal
microbiota in mice. The Similar results were obtained
in the study by Ren et al,, which found that seleno-len-
tinan could improve the relative abundance of Bacteroi-
detes and reduce the relative abundance of Firmicutes
[45]. Previous studies showed that the decrease in the
ratio of Bacteroides to Firmicutes (B:F) has been associ-
ated with many disease conditions [46]. Feeding poly-
saccharide can reverse the ratio of Bacteroides and
Firmicutes [47, 48]. Treatment with SCPs could sig-
nificantly increase the Bacteroidetes/Firmicutes ratio
in the intestinal tract, which indicated that SCPs could
regulate the microbiota structure in the intestinal tract
of mice. The increase of the Bacteroidetes/Firmicutes
ratio might be caused by B-(1 — 3)-D-glucan, the major
structural units of SCPs, which has been found to stim-
ulate and increase the levels of probiotics in the intes-
tine [49]. Similar shifts in Bacteroidetes to Firmicutes
ratio were observed in paramylon-treated mice who
received high molecular weight B-glucan derived from
microalgae [19]. Further, in silico predictions found
that the functions of microbiota related to glycan uti-
lization and glycerolipid metabolism were enhanced
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after treated with the B-glucans [19]. The increased
ratio of Bacteroides and Firmicutes exerted a net posi-
tive effect on intestinal health.

Many beneficial intestinal bacteria belong to the
genus Bacteroides, and their main function is to
degrade plant polysaccharides that are difficult for the
human body to breakdown [50]. Thus, the intestinal
microbiota could strengthen the intestinal mucosa bar-
rier, prevent intestinal dysfunction, and inhibit colonic
inflammation [51]. In addition to the shift at the phy-
lum level, the SCPs changed some important commu-
nities in antitumor-related genus level. The relative
abundance of Bacteroidales_S24-7_group, Alloprevo-
tella, Alistipes, Bacteroides, Butyricimonas, and Para-
bacteroides in Bacteroidetes phylum in the intestinal
tract of SCPs-treated mice were increased, while the
relative abundance of Lachnospiraceae. NK4A136_
group and Oscillibacter in Firmicutes phylum were
decreased. It has been reported that the fermentation of
polysaccharides in the gut produced SCFAs and some
other prebiotics by gut bacteria to supply the nutrients
for bacterial metabolism [52]. For example, the relative
abundance of Bacteroides spp. was increased by feed-
ing SCPs, it is possible that the amount of SCFAs may
increase in this case. The Bacteroidales_S24-7_group
was considered to be the main member of the intestinal
microbiota and was recognized as a new branch of Bac-
teroides in 2002 [53]. The increased relative abundance
of Bacteroidales_S24-7 _group genus could relieve the
colitis in mice feeding high-fat diet [54], which was con-
sistent with our result. Butyricimonas has been found
to be capable of producing SCFAs [55]. Parabacteroides
is thought to be associated with the synthesis of SCFAs,
the increase of which enhances its protective effects on
the intestinal mucosal barrier and decreases the levels
of enterogenous endotoxins, proved by the increase
of SCFAs and the improved physiological state of the
colon [56]. Alistipes was further enriched after feeding
with SCPs. Previous studies showed that Alistipes, a
major SCFAs producer, could reduce intestinal inflam-
mation and played an important role in suppression of
tumor growth [57, 58]. The Lachnospiraceae is known
to participate in the carbohydrate fermentation into
SCFAs and gases (CO, and H,) in the human intestine
[59]. The increase of SCFAs will lead to the decrease
of colonic pH, ammonia production and absorption
in the gut, therefore, Lachnospiraceae is good for the
intestinal health [38]. The increase of Lachnospiraceae
in SCPs-treated mice was consistent with these find-
ings. Oscillibacter is a valerate producer and capable of
enhancing the differentiation of IL-10 producing Tregs
in vivo [60], which was proved by the valerate content
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in the gut of mice. However, the relative abundance
of Ruminiclostridium was reduced significantly. The
Ruminiclostridium belongs to Ruminococcaceae, which
was closely associated with depression [51].

The colon functions to absorb water and salt from
food before it is discharged from the body and has an
integral role in maintaining intestinal microbes. Intes-
tinal diseases can lead to a decreased colonic index,
colon length. Moreover, the growth state of the colon
can determine the efficiency of polysaccharide hydroly-
sis [61]. The intake of carbohydrates increases the wet
weight of feces resulting in a more relaxed colonic
state, which is considered to have a positive impact on
colon health [62]. In this study, the protective effect
of SCPs on colonic tissue was observed, which was
characterized by significantly increase of the colonic
index, the length of colon and villi, and the fecal water
content in SCP-treated mice compared with those of
the control group, suggesting that the intake of SCPs
might improve the physiological state of the colon.
This colonic mucosa prevention may be associated with
colon bacterial fermentation of SCPs and the intesti-
nal function regulation of their metabolites of SCFAs,
which can not only be used as energy source for colo-
nocytes to inhibit the growth of harmful pathogens, but
also be used as an in vivo lipogenesis of the intestinal
microbiota or the liver [63].

The metabolites of intestinal microbiota play an
important role in intestinal microbiota ecology and
host—microbiome interactions [64]. In agreement with
the structural changes in the gut microbiota, SCPs
treatment significantly influenced the predictive func-
tions and intestinal microbiota metabolism, evidenced
by significant changes of functions related with carbo-
hydrate metabolism, amino acid metabolism, energy
metabolism. This is in accordance with the utiliza-
tion of SCPs and subsequent SCFAs production [65],
proved by previous studies which showed that long
transit times of carbohydrate in the large intestine had
profound effects on the physiology and metabolism of
bacteria, leading to amino acid fermentation, thereby
making an increased contribution to colon SCFAs
pools [66]. Most of the overrepresented predicted
functions observed in the gut microbiota of control
mice were linked to Firmicutes, primarily to the genus
Oscillibacter. Conversely, most of the overrepresented
metabolic pathways observed in the gut microbiota of
SCPs-treated mice were related to Bacteroides, which
has many species capable of SCFAs synthesis and mod-
ulation of the immune system [67]. The specific mecha-
nism of SCPs regulating the carbohydrate metabolism,
amino acid metabolism, energy metabolism through
gut microflora needs further investigation.
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Conclusion

In summary, this study demonstrates that during the
intestinal microbiota fermentation processes, SCPs
were utilized by intestinal microbiota to produce
SCFAs. Moreover, SCPs can improve the physiological
indices of the colon in mice by increasing the relative
abundance and diversity of SCFA-producing bacteria
and SCFAs level produced by intestinal microbiota. Via
KEGG and COG analysis of the intestinal microbiota,
the changes in the intestinal microbiota after treatment
with SCPs altered specific functional proteins and met-
abolic pathways that might reduce the occurrence of
various diseases. SCPs can increase the relative abun-
dance of dominant intestinal bacteria, thus optimize
the composition of the intestinal microbiota. Our study
showed the promising effects of SCPs on maintaining
healthy gut microbes, which may contribute to exert
profound health promoting effects.
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