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A B S T R A C T

This study employed extraction methods, namely acid, alkaline, ultrasonic-assisted, hot-water, and dual enzyme-
assisted extraction to extract polysaccharides from Tricholoma mongolicum Imai (TMIPs), and investigated them
for intestinal digestion and fecal fermentation in vitro. Furthermore, using fructo-oligosaccharide as a positive
prebiotic control, the impact of these TMIPs as carbon sources on the growth of Lactobacillus and Bifidobacterium
in liquid culture was assessed. The results showed that all fractions transit through the gastrointestinal tract
without degradation. Additionally, compared to the control group, the five polysaccharides significantly pro-
moted the growth of probiotics, with a significant increase in short-chain fatty acid production after 48 h of
fermentation. Furthermore, all five polysaccharides modulated the composition of gut microbiota. This offers
theoretical guidance in the rational advancement of functional products derived from edible mushrooms, aiming
to enhance gastrointestinal health in humans.

1. Introduction

Tricholoma mongolicum Imai is a type of mushroom that belongs to
the Tricholomataceae family, which is cultivated in various regions of
northern China. This particular fungus has gained significant popularity
among individuals due to its exceptional qualities in both gastronomy
and traditional medicine (Wang, Zhao, Li, Wang, & Shen, 2015). The
utilization of polysaccharides derived from edible mushrooms as po-
tential prebiotics is on the rise due to their unique ability to selectively
promote the growth of lactobacilli and bifidobacteria in the digestive
system, while remaining resistant to easy breakdown (Rezende, Lima, &
Naves, 2021). In recent years, salivary gastrointestinal digestion and
fecal fermentation of edible polysaccharides simulated in vitro have
attracted more and more attention. In vitro digestion simulation can
simulate the human digestive environment to some extent, overcoming
the complexity and difficulty of in vitro digestion, and has the advan-
tages of simplicity, safety, and repeatability. β-glucan is a primary
component found in most mushroom polysaccharides that remains un-
digested until it reaches the colon (Araújo-Rodrigues, Sousa, Relvas,
Tavaria, & Pintado, 2024), where it is metabolized by gut microbiota

into several beneficial metabolites, including short-chain fatty acids
(SCFAs) (Hu et al., 2023). SCFAs are not only essential for nutrient ab-
sorption but also play a vital role in various metabolic mechanisms that
contribute to human health. The intestinal microbiota is the core
microecosystem in the human intestine, maintaining normal human
functions by resisting the invasion of various viral antigens. Neverthe-
less, the imbalance of the intestinal microecology can give rise to
numerous diseases. The polysaccharides of edible fungi have aroused
extensive attention and research due to their biological activities such as
regulating the structure and composition of the intestinal microbiota
and protecting intestinal functions (Fei et al., 2024).

This research employed various extraction methods, such as acid-,
alkali-, ultrasonic-, hot water-, and dual enzymatic-techniques, to isolate
polysaccharides from Tricholoma mongolicum Imai (TMIPs). The objec-
tive was to examine the digestion and fermentation behavior of TMIPs,
which could potentially result in alterations in their biological activity,
short-chain fatty acids production, and gut microbiota composition. This
study outcomes can establish a significant groundwork for a more
comprehensive understanding of how digestion and fermentation
impact the characteristics and biological activity of TMIPs. This insight
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may ultimately contribute to the advancement of TMIPs as functional
foods and dietary supplements.

2. Materials and methods

2.1. Preparation of TMIPs

Tricholoma mongolicum Imai was purchased from Zhangjiakou, Hebei
Province, China.

Polysaccharides were extracted using five established methods in the
laboratory. These methods included acid-solvent extraction, alkali-
solvent extraction, Enzyme-assisted extraction, ultrasound-assisted
extraction, and hot water extraction. By applying these techniques to
Tricholoma mongolicum Imai powder, we successfully obtained five
distinct types of polysaccharides, namely TMIPs-Ac, TMIPs-Al, TMIPs-E,
TMIPs-U, and TMIPs-H.

2.2. Resistance to α-amylase digestion

Referring to the method described by Akbari-Alavijeh et al. To serve
as a positive control, fructo-oligosaccharides (FOS) was included in the
testing alongside the TMIP samples. To evaluate the resistance of the five
TMIPs to α-amylase, 20 mg of α-amylase was blended with a sodium
phosphate buffer containing sodium chloride and the pH was adjusted to
4–8 (Chen, Chen, Yang, Yu,& Kan, 2019). To serve as a positive control,
FOS was used instead of TMIPs. Following this, 5.0 mL of TMIPs solution
(10 mg/mL, dissolved in sodium phosphate buffer) was mixed with 5.0
mL of α-amylase enzyme solution at varying pH levels. These mixtures
were then subjected to incubation in a water bath at 37 ◦C for 1 h.
During the digestion process, samples were collected from the mixtures
at different time intervals (0, 0.25, 0.5, 0.75 and 1 h) to assess the levels
of reducing sugar and total sugar. The extent of hydrolysis was calcu-
lated using these measurements, employing a method similar to the one
used for simulating human gastric juice digestion.

The degree of hydrolysis in the samples was calculated using the
following equation.

Hydrolysis degree =

(
Released reducing sugar

Total sugar − Initial reducing sugar

)

×100%

In this equation, “released reducing sugar” denotes the variance in
reducing sugar content at a specific time during digestion and the initial
reducing sugar content. The initial reducing sugar content represents the
quantity of reducing sugar present in the sample before digestion. The
degree of hydrolysis is expressed as a percentage, signifying the pro-
portion of the original reducing sugar that has been released during the
digestion process.

2.3. Resistance to artificial human gastric juice digestion

Referring to the method described by (Akbari-Alavijeh, Soleimanian-
Zad, Sheikh-Zeinoddin, & Sarwar, 2018). This section describes a pro-
cess for determining the digestibility of five TMIPs and the positive
control FOS using artificial human gastric juice. First, the artificial
human gastric juice was prepared by dissolving KCl, NaCl, NaH2PO4,
Na2HPO4⋅2H2O, MgCl2⋅6H2O, and CaCl2⋅2H2O in 1 L of deionized water
and adjusting the pH to 1–5. A solution of TMIPs or FOS with a con-
centration of 10 mg/mL was mixed proportionally with artificial gastric
juice at each pH value. The mixture should be placed in a water bath at
37 ◦C for 6 h. Samples of the reaction mixture were taken at 0, 0.5, 1, 2, 4
and 6 h during the digestion process. The levels of reducing sugar and
total sugar were measured using the DNS method (Geng et al., 2023) and
the phenol‑sulfuric acid method (Chen et al., 2023), respectively. The
experiment was conducted thrice to ensure accuracy and reliability.

2.4. Resistance to artificial human intestinal fluid digestion

The simulated small intestinal digestion process followed the pro-
tocols detailed in earlier research (Li et al., 2020). Firstly, an intestinal
electrolyte solution was prepared by dissolving of NaCl, CaCl2⋅2H2O,
and KCl in deionized water. The pH of the solution was adjusted to 7.
Prepare 4% (w/w) bile salt solution and 7% (w/w) trypsin solution with
deionized water. Subsequently, a mixture of intestinal electrolyte solu-
tion, 200 g of the 4% (w/w) bile salt solution, 100 g of the 7% (w/w)
pancreatin solution, and 13 mg of trypsin was thoroughly mixed. The pH
of the mixture was then adjusted to 7.5. This mixture was set aside for
later use. The pH of this solution was adjusted to 7. A solution of either
TMIPs or FOS was prepared and mixed with the simulated intestinal
fluid at a 1:1 ratio at each pH. The mixture was then incubated in a water
bath at 37 ◦C for 6 h. At 0, 1, 2, 4 and 6 h of digestion, a portion of the
reaction mixture was extracted for analysis. The DNS method was
employed to determine the content of reducing sugar, while the phe-
nol‑sulfuric acid method was used to measure total sugar (Ding et al.,
2019). The experiment was conducted thrice to ensure accuracy and
reliability. The degree of hydrolysis of the samples was calculated using
the formula described above (Chen et al., 2019).

2.5. Microorganisms, conditions for culturing, and preparation of the
inoculum

In order to assess the prebiotic activity of the five TMIPs components,
two strains of Bifidobacterium were procured from China Industrial
Microorganism Preservation and Management Center, namely Bifido-
bacterium adolescentis (CICC 6070), and Bifidobacterium infantis (CICC
6069). These strains were combined with the existing strains of L.
rhamnosus and L. acidophilus from the laboratory’s bacterial repository
for this study.

2.6. Medium preparation for experiments on TMIPs

The prepared MRS Base medium without carbon source was auto-
claved for 15 min at 121 ◦C under high pressure. Subsequently, different
extraction methods prepared TMIPs (experimental groups), glucose (the
positive control groups), and FOS (the prebiotic control group) were
added to the MRS base medium as carbon sources, with a final con-
centration of 2.0% (w/v) for each carbon source. To eliminate the po-
tential effects of high-temperature sterilization on the polysaccharide
components and FOS structure of TMIPs, the above carbon sources were
sterilized by ultraviolet sterilization according to the method described
by (Chen et al., 2019). The sterilized carbon sources were spread evenly
in sterile culture dishes and placed in a laminar flow cabinet for UV
sterilization. Each sterilized carbon source was dissolved in 10 mL of
pre-sterilized MRS base medium and prepared into MRS base medium
containing different carbon sources with a concentration of 2.0% (w/v).

2.7. Stimulation of probiotic growth

In the prepared test tubes, five TMIPs samples, FOS, glucose, or
glucose-free MRS base medium were added, which were inoculated with
active bacterial suspension at a final volume of 2% (w/v) as described in
Section 2.6. Subsequently, these cultures were incubated under anaer-
obic conditions at 37 ◦C for 48 h. The bacterial growth on various carbon
sources was assessed by determining the colony-forming units (CFUs)
after the designated incubation period.

2.8. In vitro fermentation of TMIPs

2.8.1. In vitro fermentation with human fecal inoculum
We collected fresh fecal samples from four healthy individuals (2

female and 2 males) aged between 18 and 28 years, who had not used
antibiotics in the last three months. The simulated fermentation of
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TMIPs was conducted as previously, with a slight modification (Fu et al.,
2023). The fecal samples were diluted in sterile centrifuge tubes using
sterile modified physiological saline solution to create a 10% fecal slurry
(w/v) (Chen et al., 2018). Subsequently after homogenization and

centrifugation (at 1000 rpm and 3 ◦C for 4 min), the liquid portion was
collected.

Under identical conditions, a control group known as the blank
group was established using sterile fermentation medium. The mixtures

Fig. 1. Resistance of FOS and the five TMIPs to α-amylase. (A) FOS, (B) TMIPs-Ac, (C) TMIPs-Al, (D) TMIPs-E, (E) TMIPs-U, (F) TMIPs-H.

B. Yang et al. Food Chemistry: X 24 (2024) 101725 

3 



were incubated at 37 ◦C. Anaerobic conditions were maintained
throughout the fecal fermentation process using an anaerobic box.
Samples for fermentation were collected at 0, 6, 12 and 24 h to halt the
fermentation process and assess the pertinent indicators. Each group
was replicated three times.

2.8.2. Determination of pH and SCFAs during in vitro fermentation
The pH values of the supernatant were determined using a pH meter

at fermentation times of 0, 6, 12 and 24 h (Liang et al., 2024).
Prior to measurement, the fermented samples were centrifuged at 4

◦C and 4000 rpm for 15 min. At fermentation durations of 0, 6, 12 and
24 h, the concentrations of SCFAs were assessed utilizing a gas chro-
matography (GC) system.

2.9. Analysis of gut microbiota

Following 48 h of fermentation, the fermented solutions from each
group was subjected to centrifugation, while the resulting pellets was
stored at − 80 ◦C for analysis of microbiota structure. Gene Denovo
Biotechnology Co. conducted amplification analysis on the V3 - V4 re-
gion of bacterial 16S rDNA in each sample. In summary, genomic DNA
was isolated from the samples, and the conserved region of rDNA was
amplified using specific primers containing barcodes. Subsequently, the
amplified PCR products were subjected to cutting and recovery, fol-
lowed by quantification using a QuantiFluor™ fluorometer. The purified
amplicons were mixed in equal amounts and used to construct
sequencing libraries with sequencing adapters. Sequencing was per-
formed using Illumina PE250. The MiSeq sequencing system (Illumina,
USA) was employed for the sequencing process. Subsequently, sequence
reads were demultiplexed and quality-filtered using FASTP. The evalu-
ation of gut microbiota was carried out utilizing the QIIME microbial
community analysis platform provided by Majorbio Bio-Pharm Tech-
nology Co., Ltd. (Shanghai, China). This approach ensured a compre-
hensive and rigorous assessment within an academic context. To the
analytical process to determine the changes in microbiota structure
between the blank group, FOS group, and TMIPs groups.

2.10. Statistical analysis

Each experiment was replicated three times. Data was subjected to
ANOVA analysis and deemed statistically significant at p < 0.05. Sub-
sequent significance assessment was conducted using the Duncan test.
Results were presented as mean ± standard deviation (SD).

3. Results and discussion

3.1. Digestibility of TMIPs by human α-amylase

To evaluate the resilience of polysaccharides in the digestive fluid, it
is possible to ascertain the polysaccharide hydrolysis rate (extent of
hydrolysis over time) by monitoring the changes in total carbohydrates
and reducing sugars during simulated digestion. The digestion of the five
TMIPs products was assessed by incubating them with α-amylase at pH
4–8. The results of this evaluation are presented in Fig. 1. As the incu-
bation time increased, the degree of hydrolysis for both the TMIPs and
FOS products also increased, reaching the maximum after 1 h of incu-
bation. The degradation of the five polysaccharides intensified in cor-
relation with the pH sequence: 7 > 8 > 6 > 5 > 4, suggesting that the five
TMIPs isolates exhibited superior enzymatic stability when compared to
FOS, while implying their robust stability during incubation with
α-amylase. Additionally, there were no notable discrepancies in the
degree of hydrolysis among the five polysaccharides (p > 0.05), indi-
cating that the enzymatic stability of TMIPs remained unaffected by the
diverse extraction processes. Therefore, these five TMIPs can enter the
stomach without being substantially degraded by human saliva.

3.2. Digestibility of TMIPs by human gastric juice and small intestinal
juice

Fig. 2B-F presents the findings on the digestibility of five TMIPs,
highlighting their degree of hydrolysis against time in human gastric
juices at varying pH levels. In contrast to FOS (Fig. 2A), all five TMIPs
demonstrated an outstanding resilience against hydrolysis in simulated
gastric juice conditions. While a decrease in pH in the gastric juice
environment led to a marginal increase in the degree of hydrolysis for
the TMIPs, their indigestibility remained significantly higher than FOS.
Additionally, there was no notable disparity in the digestibility of the
five polysaccharides (p > 0.05), suggesting that the extraction proced-
ures did not significantly impact their degradability in the digestive
system. This suggests that the five TMIPs have the potential to safely
traverse the gastric tract and reach the intestine with minimal degra-
dation by human gastric juices. This hydrolytic resilience aligns with
previous observations of polysaccharides derived from another edible
mushroom species (Volvariella volvacea), which also exhibited resistance
to simulated human gastric juice (Hu et al., 2023).

Fig. 2G shows the digestion rate of the five TMIPs in simulated
human intestinal fluid, expressed as the extent of hydrolysis over time.
Compared to the FOS, all five TMIPs exhibited strong resistance to
artificial intestinal digestion, with hydrolysis rates increasing with time.
However, the maximum value was significantly lower than that of the
FOS group. Moreover, there was no significant difference in the diges-
tion rates of the five polysaccharides (p > 0.05), indicating that the five
extraction processes did not significantly affect the digestion rates of
TMIPs. This suggested that these five TMIPs can safely reach the intes-
tine and be utilized by intestinal microbiota.

3.3. Beneficial properties of TMIPs

3.3.1. Effects of different TMIPs on probiotic growth
As shown in Fig. 3A-D, after 24 h of fermentation, the population size

of four probiotics on a glucose-free MRS base medium showed only a
marginal increase compared to 0 h. This finding suggested that the
glucose-free MRS base medium employed in this research was a
dependable option for conducting prebiotic activity experiments
(Choque Delgado& Tamashiro, 2018). In contrast to the control, the five
TMIPs and FOS exhibited a notable enhancement in the growth of these
four probiotics during the 24 h fermentation period (p < 0.01). Yet, the
rapid metabolism of glucose by probiotics led to reduced growth of these
four bacterial species in MRS medium supplemented with TMIPs or FOS
in comparison to the glucose-supplemented medium after 24 h (p <

0.05). After 48 h of fermentation, the size of bacterial populations had
obviously decreased in media supplemented with glucose, whereas there
was only a slight decrease in populations growth in TMIPs. The
heightened cell mortality in the glucose-containing medium can be
ascribed to the swift exhaustion of glucose, resulting in an acidic envi-
ronment that is unsuitable for the proliferation of probiotic bacteria
because they are highly susceptible to pH fluctuations during fermen-
tation (Wu et al., 2022). On the other hand, the delayed metabolism of
TMIPs can be attributed to its intricate structure, triggering diverse
metabolic pathways and extending the survival of probiotic bacteria.

3.3.2. TMIPs on the acid production (pH) of probiotics
When carbohydrates are fermented by probiotic bacteria as a carbon

source, acidic metabolites such as SCFAs (lactic acid and acetic acid) are
produced. This leads to a decrease in the pH of culture medium.
Therefore, pH value of the medium can to some extent reflect the uti-
lization of carbon sources by probiotic bacteria (Shang et al., 2018). The
drop in pH value is mainly due to the acid produced by biotic fermen-
tation. It was observed that the initial pH value of culture medium with
TMIPs as a carbon source (extracted using different methods) was
significantly higher than that of the blank control group and the culture
medium with FOS and glucose as a carbon source (p < 0.05). This could

B. Yang et al. Food Chemistry: X 24 (2024) 101725 

4 



Fig. 2. Resistance of FOS and the five TMIPs to artificial gastric juice (A-F) and small intestinal juice (G). The results are presented for (A) FOS, (B) TMIPs-Ac, (C)
TMIPs-Al, (D)TMIPs-E, (E)TMIPs-U, (F) TMIPs-H, (G) Resistance of FOS and the five TMIPs fractions to small intestinal juice.
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Fig. 3. The impact of TMIPs on the proliferation (A-D) and pH (E-H) of probiotics in a glucose-free MRS base medium in comparison to FOS. (A) L. rhamnosus, (B)
B. infantis, (C) B. adolescentis, and (D) L. acidophilus. (E) L. rhamnosus, (F) B. infantis, (G) B. adolescentis, and (H) L. acidophilus.
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be because of the presence of a certain amount of protein in the TMIPs
(Zhang et al., 2022). After 24 h of fermentation, pH value of the blank
control group only slightly decreased, while pH values of the glucose
and FOS groups significantly decreased (p < 0.05). Particularly, the pH
value of the glucose group decreased sharply. However, the pH reduc-
tion in the five TMIPs groups was significantly lower than that of the
glucose and FOS groups, indicating that glucose and FOS were more
easily utilized by probiotic bacteria. Comparing with pH value of the
culture medium before fermentation, pH value of the blank control
group only slightly decreased after 48 h of fermentation. In contrast, pH
values of the FOS, glucose, and five TMIPs groups all significantly
decreased (p < 0.05). However, pH values of the five TMIPs were
significantly higher than those of the FOS and glucose groups. Addi-
tionally, among the five TMIPs, the TMIPs-H and TMIPs-E groups
showed a greater decrease in pH value (p < 0.05). These results indi-
cated that FOS, glucose, and the five TMIPs can be utilized by the four
probiotic strains. In summary, the results in Fig. 3 E-H clearly indicated
that the above five TMIPs were not only non-toxic to the tested probiotic
bacteria, but were also actually good substrates that promoted the
growth of the four probiotic bacteria.

3.3.3. Production of SCFAs
The accumulation of SCFAs in cultures of the four probiotic strains

under various carbon sources after 48 h of fermentation is summarized
in Table 1. These SCFAs represented the main metabolic end products,
which indicated both the proliferation of probiotics and the utilization
of carbon sources by them. The results revealed that, compared to the
blank control group, the use of TMIPs as a carbon source in the culture

medium altered the SCFAs profile, leading to the production of lactic
acid, acetic acid, propionic acid, and butyric acid. A significant increase
in the total concentration of SCFAs (p < 0.05) was observed in the cul-
tures using TMIPs as the carbon source, compared to the control cul-
tures. This confirms that probiotic bacteria were able to utilize TMIPs to
sustain their survival and metabolic activity.

3.4. Impacts of TMIPs in vitro fecal fermentation

Multiple research studies have indicated that numerous plant poly-
saccharides are resistant to digestion in the human gastrointestinal tract
but can be fermented by colonic microbiota, resulting in the beneficial
production of SCFAs. Previous in vitro digestion experiments have
demonstrated that TMIPs exhibit strong stability when exposed to
α-amylase, simulated gastric and intestinal fluid tests suggest that TMIPs
have a potential to reach the colon. However, there is still uncertainty
regarding the extent to which intestinal microbiota utilize TMIPs.
Therefore, further investigation into the in vitro fermentability of TMIPs
is essential.

3.4.1. Impacts of TMIPs in fecal fermentation on pH
Change in pH value are crucial indicators for monitoring the

fermentation process. During the fermentation of polysaccharides by
intestinal flora, acidic fermentation end-products, such as lactic acid and
various SCFAs were predominantly produced. The production of these
products led to a reduction in intestinal pH, thereby impacting the
composition of gut microbiota.

From Fig. 4, compared with the control group, the fermentation of

Table 1
SCFAs profile in liquid cultures of four probiotic strains after fermentation for 48 h with different carbon sources.

Bacteria Carbon source Lactic acid(mmol/L) Acetic acid(mmol/L) Propionic acid(mmol/L) Butyric acid(mmol/L) Total(mmol/L)

L. rhamnosus Control 4.66 ± 0.25e 1.55 ± 0.02g 0.92 ± 0.01f 0.72 ± 0.01e 7.85 ± 0.25g

Glucose 52.68 ± 1.31a 4.38 ± 0.30f 3.04 ± 0.16c 3.02 ± 0.25b 63.12 ± 2.02a

FOS 16.55 ± 0.87bc 15.77 ± 0.49a 5.52 ± 0.36a 2.86 ± 0.37b 40.70 ± 2.09b

TMIPs-Ac 7.19 ± 0.69d 5.88 ± 0.19d 2.12 ± 0.23e 2.21 ± 0.08c 17.41 ± 1.19f

TMIPs-Al 6.58 ± 0.54d 5.35 ± 0.26e 2.83 ± 0.36d 1.86 ± 0.06d 16.62 ± 1.22f

TMIPs-E 17.91 ± 0.75b 8.07 ± 0.24b 3.54 ± 0.14b 2.48 ± 0.29bc 32.00 ± 1.42c

TMIPs-U 6.13 ± 0.27d 7.83 ± 0.32b 3.06 ± 0.17c 3.75 ± 0.11a 20.77 ± 0.87e

TMIPs-H 15.80 ± 0.99c 6.54 ± 0.29c 2.97 ± 0.25c 2.69 ± 0.28b 27.00 ± 1.81d

L.acidophilus Control 5.20 ± 0.46f 1.43 ± 0.01g 0.96 ± 0.01f 0.38 ± 0.01d 7.97 ± 0.49g

Glucose 55.07 ± 1.09a 3.63 ± 0.35f 2.86 ± 0.26d 2.48 ± 0.11b 64.04 ± 1.81a

FOS 12.46 ± 0.89b 12.56 ± 0.35a 4.37 ± 0.24a 2.33 ± 0.17b 32.72 ± 1.65b

TMIPs-Ac 8.30 ± 0.85d 5.02 ± 0.37d 2.23 ± 0.22e 2.00 ± 0.43bc 17.55 ± 1.87e

TMIPs-Al 6.85 ± 0.79e 4.67 ± 0.01e 2.19 ± 0.17e 1.76 ± 0.14c 15.17 ± 1.11f

TMIPs-E 13.05 ± 1.09b 7.99 ± 0.30b 3.89 ± 0.14b 3.72 ± 0.32a 28.43 ± 1.85c

TMIPs-U 8.67 ± 0.24c 6.12 ± 0.16c 3.32 ± 0.09c 2.44 ± 0.06b 20.55 ± 0.55d

TMIPs-H 12.19 ± 0.89b 7.69 ± 0.20b 3.41 ± 0.32c 3.92 ± 0.25a 27.21 ± 1.68c

B. adolescentis Control 1.80 ± 0.02f 1.50 ± 0.01f 1.24 ± 0.01f 0.81 ± 0.02f 5.35 ± 0.06f

Glucose 19.91 ± 0.61a 7.19 ± 0.23e 5.16 ± 0.34b 3.64 ± 0.12e 35.18 ± 1.30b

FOS 11.53 ± 0.48b 19.01 ± 1.14a 5.74 ± 0.48a 6.91 ± 0.21b 43.19 ± 2.31a

TMIPs-Ac 8.79 ± 0.21d 7.74 ± 0.12e 2.14 ± 0.02e 1.80 ± 0.36f 20.47 ± 0.71e

TMIPs-Al 4.09 ± 0.13e 10.22 ± 0.37c 3.04 ± 0.41d 4.70 ± 0.37d 22.05 ± 1.28e

TMIPs-E 10.69 ± 0.42b 13.48 ± 0.94b 5.96 ± 0.23a 7.70 ± 0.06a 31.83 ± 0.75c

TMIPs-U 9.18 ± 0.47c 8.81 ± 0.06d 4.12 ± 0.64d 3.40 ± 0.15e 25.71 ± 1.62d

TMIPs-H 11.50 ± 0.68b 9.47 ± 0.38c 4.40 ± 0.06c 5.85 ± 0.35c 37.22 ± 1.65b

B. infantis Control 2.36 ± 0.06f 1.52 ± 0.01g 1.52 ± 0.02g 0.89 ± 0.02f 6.29 ± 0.11e

Glucose 20.74 ± 0.59a 4.33 ± 0.26f 3.54 ± 0.13d 2.05 ± 0.17d 30.66 ± 1.35a

FOS 10.52 ± 0.38b 11.92 ± 0.89a 5.31 ± 0.18a 5.63 ± 0.21a 33.38 ± 1.66a

TMIPs-Ac 5.67 ± 0.25d 4.68 ± 0.22f 2.42 ± 0.26f 1.39 ± 0.34e 14.16 ± 0.87d

TMIPs-Al 4.53 ± 0.11e 5.05 ± 0.17e 2.54 ± 0.34f 1.29 ± 0.03e 13.23 ± 0.65d

TMIPs-E 7.27 ± 0.53c 7.23 ± 0.04b 4.93 ± 0.16b 2.72 ± 0.30b 22.15 ± 1.03c

TMIPs-U 9.83 ± 0.57b 5.59 ± 0.08d 3.22 ± 0.17e 2.44 ± 0.30c 21.08 ± 1.12c

TMIPs-H 10.64 ± 0.85b 6.05 ± 0.17c 4.40 ± 0.06c 2.92 ± 0.25b 24.01 ± 1.33b

Note:All results are reported as the mean ± standard deviation of three independent experiments.
Means in the same column with different letters indicate significant differences for each probiotic strain. (p < 0.05).
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TMIPs had a lower initial pH value. This might be due to the presence of
a small amount of uronic acid in TMIPs. With the progress of fermen-
tation, pH value of the TMIPs fermentation solution continued to
decrease, while pH value of the blank fermentation solution first
decreased and then slightly increased. Throughout the entire fermen-
tation process, the pH value of the TMIPs fermentation solution is always
lower than that of the blank fermentation solution. According to the
research, the production of SCFAs reduces the pH of surrounding envi-
ronment, which is beneficial for the growth of bifidobacteria and lactic
acid bacteria (Liu et al., 2021).

These results indicated that the fermentation process of TMIPs had a
significant impact on pH value of the gut microbiota environment. The
significant decrease in pH value in the TMIPs fermentation solution was
related to the production of lactic acid and SCFAs by the gut microbiota
during the TMIPs fermentation process (Luo et al., 2023). Poly-
saccharides can gradually and continuously regulate the intestinal
microenvironment to produce SCFAs (Li et al., 2023; Liu et al., 2021).

3.4.2. Impacts of TMIPs on production of SCFAs
Many types of polysaccharides cannot be digested by the human

upper digestive tract but can reach the cecum and colon, where they are
consumed and utilized by specific gut microbiota to produce SCFAs
(Sivaprakasam, Prasad, & Singh, 2016), mainly including lactic acid,
acetic acid, propionic acid, and butyric acid, which play an important
role in maintaining the normal morphology of colonic epithelial cells
and the normal function of the colon (Liu et al., 2021). Acetic acid has
been recognized as a valuable energy source for the gut microbiota
(Chen et al., 2023; Tang et al., 2024), while propionic acid has
demonstrated its efficacy in reducing serum cholesterol levels, regu-
lating blood lipid levels, and enhancing tissue insulin sensitivity (Han
et al., 2022). Furthermore, n-butyric acid plays diverse physiological
roles such as preserving the integrity and functionality of the intestinal
barrier; suppressing immune responses, and exhibiting anti-cancer and
anti-inflammatory properties (Ge et al., 2024; Liu et al., 2021). There-
fore, in this experiment, the concentrations of SCFAs were measured
during the degradation process of TMIPs extracted with different
methods, in order to further confirm that TMIPs were decomposed and
utilized by gut microbiota. From Table 2, it can be seen that lactic acid,
acetic acid, and propionic acid are the major SCFAs in the blank, FOS,
and TMIPs groups. However, the concentrations of these three SCFAs
were significantly different in the three different experimental groups.

Comparing the TMIPs group with the blank group in Table 2, it was
observed that although the concentrations of lactic acid, acetic acid,
propionic acid, and total SCFAs increased with fermentation time in

both groups, the TMIPs group had significantly higher concentrations of
lactic acid, acetic acid, propionic acid, and total SCFAs during the 6–24 h
fermentation period, compared to the blank control group (p < 0.05).
This indicated that TMIPs significantly promoted the production of
SCFAs by gut microbiota, with lactic, acetic, and propionic acid being
the main SCFAs products.

The differences in SCFAs concentration among different groups are
caused by the inherent properties of the carbon compounds provided in
the fermentation medium (Lv et al., 2022). Due to the difference of
material structure and molecular weight, polysaccharides from different
sources can promote the growth of certain bacteria; produce different
metabolites and exhibit different fermentation characteristics during in
vitro fermentation (Ou et al., 2022). It is known that the control group,
due to the lack of carbon compound supply, undergoes a slow fermen-
tation process, resulting in insufficient production of SCFAs. FOS are
considered to be a type of prebiotic that can stimulate the growth of
beneficial bacteria in the human body and help maintain a healthy
balance of gut microbiota (Markowiak-Kopeć & Śliżewska, 2020). The
five TMIPs were acted upon by intestinal microbiota during fermenta-
tion process, breaking down into monosaccharides. These liberated
monosaccharides are utilized by microorganisms to produce SCFAs as
the end products.

These results indicated that both TMIPs-E and TMIPs-H exhibited
significant probiotic activity, and served as potential carbon sources for
the prebiotics, primarily exerting beneficial effects on human health
through the production of SCFAs.

3.4.3. Impacts of TMIPs on gut microbiota
Human intestinal microbiota plays a critical role in human health,

nutrition, and energy regulation (Thomson, Garcia, & Edwards, 2021).
Understanding the relationship between TMIPs, the gut microbiota and
its metabolites play a pivotal role in enhancing human health and pre-
venting diseases, primarily through modulating the composition and
function of the microbiota (Payling, Fraser, Loveday, Sims, & Mcnabb,
2020). To evaluate the effects of TMIPs on the gut microbiota, we per-
formed high-throughput sequencing analysis on samples from both the
TMIPs and FOS groups after a 48 h fermentation period.

3.4.3.1. Gut microbiota α and β diversity of samples cultivated in vitro.
The relationship between TMIPs and the human gut microbiota was
studied, aiming to regulate gut health and prevent diseases through the
use of TMIPs. The diversity of the gut microbiota can be reflected by
alpha diversity analysis of each sample’s community, which assesses
their richness and diversity. As shown in Fig. 5, several statistical metrics
were used to quantify the species richness and diversity of the gut
microbiota, following the fermentation of different extracts of TMIPs.
These metrics included the Simpson index, Shannon index, and Sobs
index, all of which can reflect the microbial community’s richness and
biodiversity (Zhao et al., 2024). The Shannon index and Simpson index
are commonly used to evaluate the richness and evenness of the species,
providing a comprehensive measure of diversity (Xu et al., 2025).
Higher values of these indices indicate increased species richness and
more balanced distributions, indicating greater diversity. The Sobs
index primarily focuses on the richness of a sample, specifically the
count of detected OTUs. Additionally, due to the completely different
calculation methods of different statistical analysis indices, it is normal
that the change trends may not be completely consistent (Zhang et al.,
2024). The PCoA plot demonstrates clear clustering of gut microbiota
compositions obtained from various sample groups, indicating distinct
differences. Across various carbohydrate groups, it was evident that the
gut microbiota structure was more similar within the five TMIPs groups.
This indicated that gut microbiota composition changed under FOS and
the five TMIPs, respectively.

3.4.3.2. Influence of TMIPs on gut microbiota. According to Fig. 6A, the

Fig. 4. Change in pH value during fermentation.
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microbial communities in each group primarily consisted of Proteo-
bacteria, Actinobacteria, Firmicutes and Bacteroidetes, which was
consistent with a previous literature (Han et al., 2023). Following 48 h of
fermentation, there were significant individual variations in phylum
levels among the groups. Compared to the blank group, the abundances

of Proteobacteria and Bacteroidota were increased after TMIPs and FOS
treatment. Compared with the blank group, the abundance of Proteo-
bacteria in TMIPs decreases. Proteobacteria are a distinct category of
bacteria and are commonly found in the fecal microbiota of healthy
individuals. An excessive abundance of Proteobacteria in the gut

Table 2
The molar concentration of SCFAs in different fermentation cultures.

Sample Time
(h)

Lactic acid
(mmol/L)

Acetic acid
(mmol/L)

Propionic acid
(mmol/L)

n-butyric acid
(mmol/L)

i-butyric acid
(mmol/L)

n-valeric acid
(mmol/L)

i-valeric acid
(mmol/L)

Total
(mmol/L)

Blank 0 0.59 ± 0.04d N.D. N.D. N.D. N.D. N.D. N.D. 0.59 ±

0.04d

6 0.89 ± 0.12c 2.73 ± 0.10c 0.58 ± 0.03c 0.36 ± 0.01c N.D. N.D. N.D. 4.56 ±

0.26c

12 1.28 ± 0.10b 3.78 ± 0.43b 1.27 ± 0.04b 0.59 ± 0.02b N.D. N.D. N.D. 6.92 ±

0.59b

24 1.59 ± 0.06a 6.03 ± 0.21a 1.54 ± 0.19a 0.75 ± 0.01a N.D. N.D. N.D. 9.91 ±

0.47a

FOS 0 0.59 ± 0.04d 1.37 ± 0.22d 1.73 ± 0.01d 0.95 ± 0.06b N.D. N.D. N.D. 4.64 ±

0.33d

6 5.94 ± 0.41c 9.36 ± 0.54c 3.82 ± 0.41c 1.23 ± 0.29a N.D. N.D. N.D. 20.35 ±

1.65c

12 9.67 ± 1.03b 13.21 ± 0.63b 4.31 ± 0.26b 1.54 ± 0.34a N.D. N.D. N.D. 28.73 ±

2.26b

24 12.56 ± 0.42a 15.26 ± 0.31a 5.87 ± 0.69a 1.43 ± 0.14a N.D. N.D. N.D. 35.12 ±

1.56a

TMIPs-
Ac

0 0.59 ± 0.01d 1.96 ± 0.40d 0.87 ± 0.06d 0.60 ± 0.19b N.D. N.D. N.D. 4.02 ±

0.68d

6 3.65 ± 0.48c 3.51 ± 0.08c 1.37 ± 0.09c 0.86 ± 0.29a N.D. N.D. N.D. 9.39 ±

0.94c

12 4.85 ± 0.14b 5.36 ± 0.25b 2.31 ± 0.16b 1.20 ± 0.12a N.D. N.D. N.D. 13.72 ±

1.67b

24 6.82 ± 0.23a 8.45 ± 0.21a 3.88 ± 0.13a 1.26 ± 0.26a N.D. N.D. N.D. 20.41 ±

2.83a

TMIPs-
Al

0 0.59 ± 0.01d 1.92 ± 0.35d 0.76 ± 0.26d 0.75 ± 0.15c N.D. N.D. N.D. 4.02 ±

0.77d

6 1.38 ± 0.28c 3.43 ± 0.24c 1.08 ± 0.39c 0.93 ± 0.18b N.D. N.D. N.D. 6.82 ±

1.09c

12 3.30 ± 0.39b 5.37 ± 0.34b 2.05 ± 0.17b 1.28 ± 0.11a N.D. N.D. N.D. 12.00 ±

1.01b

24 5.59 ± 0.26a 7.27 ± 0.61a 3.12 ± 0.39a 1.23 ± 0.30a N.D. N.D. N.D. 17.21 ±

1.56a

TMIPs-E 0 0.96 ± 0.04d 2.05 ± 0.17d 0.82 ± 0.12c 0.95 ± 0.17c N.D. N.D. N.D. 4.78 ±

0.50d

6 4.38 ± 0.39c 3.12 ± 0.39c 1.02 ± 0.14c 1.52 ± 0.20b N.D. N.D. N.D. 10.04 ±

1.12c

12 6.08 ± 0.58b 6.35 ± 0.20b 3.26 ± 0.09b 1.64 ± 0.08a N.D. N.D. N.D. 17.33 ±

2.95b

24 8.08 ± 0.27a 13.75 ± 0.03a 4.57 ± 0.23a 1.78 ± 0.14a N.D. N.D. N.D. 28.18 ±

1.67a

TMIPs-
U

0 0.74 ± 0.06d 1.42 ± 0.31d 0.92 ± 0.12c 0.63 ± 0.03c N.D. N.D. N.D. 3.71 ±

0.52d

6 2.86 ± 0.13c 4.36 ± 0.34c 1.10 ± 0.10c 0.97 ± 0.25b N.D. N.D. N.D. 9.29 ±

0.82c

12 5.22 ± 0.21b 7.62 ± 0.28b 2.18 ± 0.26b 1.72 ± 0.21a N.D. N.D. N.D. 16.74 ±

2.96b

24 6.53 ± 0.52a 9.56 ± 0.35a 4.04 ± 0.14a 1.83 ± 0.48a N.D. N.D. N.D. 21.96 ±

3.49a

TMIPs-
H

0 0.71 ± 0.07d 1.99 ± 0.72d 0.95 ± 0.03d 0.69 ± 0.25c N.D. N.D. N.D. 3.80 ±

1.07d

6 3.03 ± 0.17c 4.34 ± 0.43c 1.10 ± 0.1c 0.97 ± 0.05b N.D. N.D. N.D. 9.44 ±

1.75c

12 4.51 ± 0.19b 7.57 ± 0.85b 2.18 ± 0.26b 1.42 ± 0.13a N.D. N.D. N.D. 15.68 ±

2.43b

24 8.97 ± 0.41a 15.46 ± 0.54a 4.04 ± 0.14a 1.51 ± 0.09a N.D. 0.17 ± 0.02 N.D. 29.98 ±

4.18a
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microbiome can lead to an imbalance in the microbial community,
resulting in low-grade inflammation or, in some cases, chronic colitis
(Turnbaugh et al., 2006). Therefore, the reduction in Proteobacteria
abundance in the TMIPs group was considered beneficial for human
health. It is noteworthy that compared with the blank group, the
abundance of Bacteroidetes significantly increased after adding TMIPs,
clearly indicating that TMIPs have a significant promoting effect on the
growth of Bacteroidetes. This discovery not only highlights the probiotic
potential of TMIPs, but also reveals their possible positive impact on
maintaining human health. This is because the Bacteroidetes phylum
plays a crucial role in the intestine, serving as the main producer of
propionic acid, a substance that plays a key role in regulating blood
lipids and cholesterol bacteria (Liang et al., 2024).

The distribution of the relatively dominant species across different
sample groups is visually represented in Fig. 6B through a heatmap,
revealing the pattern of species variation between the control and
treatment groups, showing the dominant taxa at the genus level in the
TMIPs group as Escherichia-Shigella, Bifidobacterium, Klebsiella, Meg-
amonas, Prevotella, and Bacteroides. The TMIPs and FOS group had
significant effects on the key genera, compared to the blank group.
Following a 48 h fermentation period, Bifidobacteria emerged as the
prevailing bacterial species in both the FOS group and TMIPs group,
while Klebsiella was significantly reduced. In the TMIPs group,

Bacteroides was the main bacteria involved in the hydrolysis and utili-
zation of TMIPs, which might be attributed to Bacteroides’ endogenous
phospholipases ability to degrade the lactose side chain of TMIPs,
stimulating its growth. (Liu et al., 2021). Bacteroides have the ability to
enzymatically break down polysaccharides, resulting in the production
of beneficial metabolites, such as SCFAs, which prevent gastrointestinal
diseases and inflammation (Xia, Liu, Li, Ren, & Liu, 2023). Moreover,
Bacteroides is crucial for improving the metabolism and immune dys-
regulation in obese patients (Wu et al., 2022). However, we also
observed an increase in the relative abundance of Escherichia-Shigella
in TMIPs, which may be caused by the ability of Escherichia-Shigella
to maintain its growth in the fermentable culture medium by using ol-
igosaccharides generated from TMIPs (Luo et al., 2023). Ultimately,
TMIPs bring about changes in original gut microbiota composition by
promoting beneficial microbial communities and reducing harmful
ones.

With the LEfSe multilevel species hierarchy tree in Fig. 6C and the
LDA discriminant column in Fig. 6D, we can observe species and their
LDA scores that differ significantly between groups. A higher LDA score
for a species indicates its greater importance in a particular group. Blank
group is mainly composed of Bacteroidetes, Actinobacteria and Firmi-
cutes dominant species of the door. In particular, the FOS group
significantly showed an increase in the number of some probiotics in the

Fig. 5. Gut microbiota α and β diversity of samples cultivated in vitro. (A) Simpson; (B) Shannon; (C) Sobs indices, and (D) Principal coordinates analysis based on
Bray-Curtis distance.
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phylum Bacteroidetes, suggesting that FOS promotes these bacterial
groups. TMIPs groups, on the other hand, revealed significant changes in
specific phyla such as Proteobacteria and Actinobacteria. Combination
of Fig. 6C and D comprehensive analysis, we found that in the blank
group klebsiella bacteria and enterobacteriaceae bacteria in the low poly
fructose and TMIPs group were significantly decreased, which suggests
that low poly fructose and TMIPs has inhibitory effect on the potential
pathogens. Clearly, the TMIPs group showed significant effects in pro-
moting the growth of probiotics and inhibiting potential pathogens. As a
result, this proves that TMIPs treatment can effectively improve the
intestinal flora, and promote the intestinal health.

4. Conclusion

This study revealed that the digestibility of the five polysaccharide
components in Tricholoma mongolicum Imai was minimally impacted by
different extraction processes. The five TMIPs components exhibited a
high degree of resistance to digestion by α-amylase, simulated gastric
fluid, and intestinal fluid. Nonetheless, the prebiotic potential of TMIPs
was significantly influenced by various extraction processes. When used
as a substitute for glucose as a carbon source in in vitro fermentation of
four probiotic strains, the polysaccharide components, namely TMIPs-E
and TMIPs-H were found to enhance the proliferation of probiotics and
stimulate the production of increased SCFAs. The in vitro fermentation
results showed that TMIPs significantly lowered the pH of the fermen-
tation broth and increased the concentrations of SCFAs; promoted the

Fig. 6. Bacterial taxonomic profiling at (A) phylum and (B) heatmap analysis of the relative abundance of the bacterial community at the genus level; (C) The
evolutionary branch plot for LEfSe analysis; (D) Histogram of LDA values (log 10) higher than 2 for differential bacteria.
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proliferation of beneficial bacteria; and inhibited the growth of harmful
bacteria. This study provides a foundation for understanding how TMIPs
can improve gut health and prevent diseases by modulating the gut
microbiota.
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