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Polysaccharides from morels possess many characteristics beneficial to health, such as anti-tumor and 
immunomodulatory activities. The gut microbiota plays a critical role in the modulation of immune function. 
However, the impact of morel polysaccharides on the gut microbiota has not yet been explored. In this study, a 
high-throughput pyrosequencing technique was used to investigate the effects of MP, a new heteropolysaccharide 
extracted from wild morels, on the diversity and composition of microbiota along the intestine in mice, as well as 
the production of short-chain fatty acids (SCFAs). The results showed that MP treatment increased the number 
of operational taxonomic unit (OTUs) and diversity along the intestine, especially in the small intestine. MP 
treatment induced a significant decrease in the number of Firmicutes and a significant increase in the number 
of Bacteroidetes in the small intestine microbiota. It was also observed that the relative abundance of SCFA-
producing bacteria, especially Lachnospiraceae, was increased in both the cecum and colon of MP-treated 
mice. Moreover, MP promoted the production of SCFAs in mice. These results provide a foundation for further 
understanding the health benefits conferred by morel polysaccharides.
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INTRODUCTION

Morels are edible mushrooms appreciated worldwide for their 
high nutritional value and health-related benefits [1]. They contain 
several bioactive compounds, including polysaccharides, proteins, 
minerals, trace elements, dietary fiber, and vitamins. Several 
studies have recently shown that morels have nephroprotective 
[2], anti-hepatotoxic, hepatoprotective [3], anti-inflammatory 
[4, 5], and anti-tumor activities [4].

Many of the health benefits and bioactivities of morels are 
ascribed to their polysaccharides, and several studies have 
described these properties and health benefits. For example, the 
polysaccharide MEP-II isolated from the fermentation broth 
of Morchella esculenta was found to inhibit the proliferation 
of a human hepatoma cell line (HepG2) through an apoptotic 
pathway [6]. Furthermore, a M. esculenta polysaccharide 
(MEP) extracted by pulsed electric field (PEF) in submerged 
fermentation was found to have anti-proliferation and anti-tumor 
activities, and apoptosis tests proved that it could inhibit the 

proliferation and growth of human colon cancer HT-29 cells in a 
time- and dose-dependent manner [7]. A high-molecular-weight 
galactomannan, isolated from a polar extract of M. esculenta, 
exhibited immunostimulatory activity and resulted in the 
increased expression of NF-kB [8]. Two polysaccharides from 
M. esculenta, MEP-I and MEP-II, were found to have significant 
immune-modulating activity [9].

Polysaccharides can alter the composition of the gut microbiota 
and maintain health by promoting expansion of several health-
promoting species—e.g., short-chain fatty acid (SCFA)-producing 
bacteria—and suppressing some potential pathogens [10]. For 
example, polysaccharides from purple sweet potatoes (PSPPs) 
were found to modulate intestinal bacteria content in mice by 
promoting the proliferation of SCFA-producing Lachnospiraceae 
and Oscillospira, as well as by reducing the abundance of 
Alcaligenaceae and Sutterella [11]. Jin et al. demonstrated 
that polysaccharides from the mycelia of Ganoderma lucidum 
(GLP) modulate the function of the intestinal biological barrier 
by both increasing microbiota richness and decreasing the 
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Firmicutes-to-Bacteroidetes ratio (F/B) [12]. In addition, GLP 
was found to induce changes in certain intestinal bacteria, such 
as S24-7, SMB53, Rikenellaceae, Allobaculum, Rc4-4, and 
Ruminococcaceae [12].

Numerous studies have shown that gut microbes play a critical 
role in the development of the immune system and the modulation 
of immune function, and dysbiosis of the gut microbiota has 
been shown to be closely related to human health and disease 
[13, 14]. Therefore, it is important to understand the composition 
and characteristics of the gut microbiota after the administration 
of polysaccharides. Although the immunomodulatory, 
immunostimulatory, anti-proliferating, and anti-tumor activities 
of polysaccharides derived from morels have been intensively 
investigated [6–9], it is not yet clear how morel polysaccharides 
impact the characteristics and distribution of the gut microbiota.

Previously, we described a new heteropolysaccharide, MP, 
isolated from the fruiting body of wild morels [15]. Chemical 
characterization indicated that MP consists of D-mannose, 
D-glucose, D-galactose, and L-rhamnose, with a mass ratio of 
43.15:19.56:20.25:1, and the average molecular weight of MP 
was estimated to be 3.974 × 103 kDa. The goal of this study 
was to investigate the effects of MP on microbiota diversity and 
composition in the intestine of mice using a high-throughput 
sequencing technique. The results will provide a foundation for 
understanding the mechanism behind the health benefits of MP, 
as well as any potential side effects.

MATERIALS AND METHODS

Materials and chemicals
Wild morels collected from the Qinling Mountains in Shaanxi 

province (China) were washed, dried in hot air at 60−70°C, 
crushed, and then passed through 100-mesh sieves to obtain 
morel powder. Polysaccharides were extracted from the dried 
morel powder as previously described [16]. Organic acids used 
as standards for gas chromatography, including acetic acid, 
propionic acid, isobutyric acid, n-butyric acid, isovaleric acid, 
n-valeric acid, hexanoic acid, and 2-ethylbutyric acid, were of 
chromatographic grade and purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Other chemical reagents, including 
alcohol, phenol, and sulfuric acid, were of analytical grade and 
purchased from Shanghai Aladdin Biochemical Technology Co., 
Ltd (Shanghai, China). DEAE Sepharose Fast Flow resin was 
purchased from GE Healthcare (Chalfont St. Giles, UK).

Animals and experimental design
Male Kunming mice (KM; average weight of 20 ± 2.0 g) 

were obtained from the Animal Experimental Center at Xi’an 
Jiaotong University (certificate SCXK (Shaan) 2014-001). All 
animals were handled in accordance with the Guide for Care and 
Use of Laboratory Animals (NIH Publication No. 85-23, revised 
1996). The mice were kept at a temperature of 22°C and a relative 
humidity of 50% ± 5% in a 12 hr light/dark cycle environment. 
After one week of adaptation, mice were divided into two groups 
for 8 consecutive days: (1) the P group (n=8), the members of 
which received gavage administration of MP (dissolved in sterile 
physiological saline, 1.5 mg/mL) 75 mg/kg body weight and 
were reared in the same cage, and (2) the CT group (n=8), the 
members of which received gavage administration with the same 
volume of sterile physiological saline and were reared in the same 

cage. On the last day, after intraperitoneal injection of chloral 
hydrate (0.1 mL), mice were sacrificed by cervical dislocation. 
The contents of the small intestine, cecum, and colon, as well as 
fecal samples, were collected separately under sterile conditions 
and immediately stored at −80°C until further analysis.

DNA extraction and gut microbe 16S rRNA sequencing
Four intestinal content samples were randomly selected from 

each group for 16S rRNA gene sequencing. Total microbial 
genomic DNA from the small intestine, cecum, and colon contents 
was extracted using a QIAamp DNA Stool Mini Kit (Qiagen, 
Hilden, Germany) according to the manufacturer’s instructions.

PCR reactions targeting the V3–V4 region of bacterial 
16S rRNA were performed using the forward primer 338F 
(5′-ACTCCTACGGGAGGCAGCAG-3′) and the reverse primer 
806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR was carried 
out in a total reaction volume of 20 µL consisting of 13.25 µL 
H2O, 2.0 µL 10 × PCR Ex Taq Buffer, 0.5 µL DNA template 
(100  ng mL−1), 1 µL forward and reverse primers (10 mM), 
2.0 µL dNTP, and 0.25 µL Ex Taq (5 U mL−1). After initial 
denaturation at 98°C for 2 min, amplification was performed 
using 30 cycles of incubations at 98°C for 30 sec, 50°C for 30 sec, 
and 72°C for 60 sec, followed by a final extension at 72°C for 
5 min. The amplified products were purified and recovered using 
a 1.0% agarose gel electrophoresis method. Finally, the libraries 
were constructed, and the barcoded V3−V4 PCR amplicons were 
sequenced using an Illumina HiSeq platform (Illumina, San Diego, 
CA, USA). The extraction of genomic DNA, the amplification of 
the 16S rRNA V3–V4 region, the library construction, and the 
sequencing were completed by Beijing Biomarker Technologies 
Co., Ltd. (Beijing, China).

Bioinformatic analysis
The bioinformatic analysis done in this study was completed 

using the Biomarker biocloud platform (www.biocloud.net). To 
obtain the raw tags, the raw paired-end reads from the original 
DNA fragments were merged using FLASH (version 1.2.11) 
[17]. Clean tags were then obtained after filtering for quality and 
length. Tags with an average quality score greater than 20 in a 
50 bp sliding window were truncated using Trimmomatic (version 
0.33), and tags shorter than 300 bp were removed [18]. Finally, 
effective tags for further bioinformatic analysis were obtained 
after removing possible chimeras, which were identified using 
UCHIME (version 8.0) [19], a tool included in Mothur [20].

Effective tags were clustered using USEARCH [21, 22], and 
tags with similarity greater than or equal to 97% were considered 
an operational taxonomic unit (OTU). Taxonomy was assigned to 
all OTUs by searching against the SILVA databases (Release132, 
http://www.arb-silva.de) [23] using the RDP classifier within 
QIIME [24]. Alpha diversity (ACE, Chao1, and Shannon) 
analysis, Venn diagrams, principal component analysis (PCA), 
and linear discriminant analysis (LDA) effect size (LEfSe) were 
further processed with a BMKCloud online bioinformatics tool 
(Biomarker Technologies Corporation, Beijing, China).

Determination of the levels of SCFAs
Four fecal samples were randomly selected from each group 

for the determination of SCFA levels by gas chromatography 
(GC) according to the method detailed by Zhao et al. [25]. Fecal 
samples (0.1 g) were added to 0.5 mL of deionized water and 
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shaken for about 3 min to yield a 17% (w/w) fecal suspension. 
The pH of the suspension was adjusted to 2–3 by adding HCl, 
and the suspension was then centrifuged at 12,000 × g for 
20 min to yield a clear supernatant. The internal standard, 
2-ethylbutyric acid solution, was spiked into the supernatant to 
a final concentration of 1 mM, and the supernatant was injected 
into the GC for analysis. Acetic acid, propionic acid, isobutyric 
acid, n-butyric acid, isovaleric acid, n-valeric acid, and hexanoic 
acid served as standards.

Chromatographic analysis was carried out using a Thermo 
Trace 1300 GC system (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) equipped with a flame ionization detector (FID). A 
fused-silica capillary column with a free fatty acid phase (DB-
FFAP, J&W Scientific, Agilent Technologies Inc., Palo Alto, CA, 
USA) of 30 m × 0.25 mm i.d. was used. Helium was supplied 
as the carrier gas at a flow rate of 1.0 mL min−1. The initial 
oven temperature of 50°C was maintained for 1.0 min, raised to 
120°C at a rate of 15°C min−1, increased to 170°C at a rate of 
5°C min−1, increased to 240°C at a rate of 15°C min−1, and then 
finally held at 240°C for 3 min. The temperature of the injection 
port was 250°C, and the split ratio was 25:1. The temperature of 
the FID detector was 260°C, and the flow rates of hydrogen, air, 
and nitrogen as makeup gases were 30, 300, and 20 mL min−1, 
respectively. The injected sample volume for GC analysis was 
1 µL, and the run time for each analysis was 23.5 min. Data 
handling was carried out using the Xcalibur software.

Statistical analysis
Differences between the CT and P groups were analyzed by 

t-test using the GraphPad Prism 5.0 software. Differences were 
considered to be statistically significant if the p-values were less 
than 0.05.

RESULTS

Diversity of the gut microbiota along the gastrointestinal tract in 
non-treated and MP-treated mice

Multiplex pyrosequencing targeting the V3–V4 region of 
bacterial 16S rRNA gene was employed to characterize the 
diversity of gut microbiota along the gastrointestinal tract of 
mice. After merging, filtering, and removing chimeras, 1421571 
and 1763418 clean bacterial 16S rRNA gene reads were obtained 
from the CT and P groups, respectively, and used in the final 
analysis (Supplementary Table 1). OTUs in each group were 
defined based on sequence identity greater than 97%. On average, 
293 and 350 OTUs were defined for the CT and P groups, 
respectively (Supplementary Table 2).

Table 1 shows that the cecum and colon samples had a higher 
diversity of gut microbiota than the small intestine samples in 
both the CT and P groups (p<0.01 or p<0.001). There were no 
significant differences in the ACE indices of the small intestine, 
cecum, or colon microbiota between the CT and P groups. 
However, MP treatment significantly increased the numbers of 
OTUs in the small intestine, cecum, and colon microbiota (p<0.05 
or p<0.01) compared with the CT group. Moreover, there were 
significant increases in the Chao1 indices of the small intestine 
after administration of MP. Figure 1 shows that the Shannon and 
Simpson indices were similar in the small intestines of mice in 
both the CT and P groups. However, MP treatment increased 
the Shannon indices and decreased the Simpson indices of gut 
microbiota in the cecum and colon compared with the CT group.

Principal component analysis (PCA) was employed to assess 
the phylogenetic differences and similarities within the gut 
microflora (Fig. 2A). The results revealed that each mouse was 
distinct from all of the others and that there was a high degree 
of variation between individuals (Fig. 2). The first principal 
coordinate (PC1), which accounted for 54.18% of the variance in 

Table 1.	 Diversity of gut microbiota in non-treated mice (CT) and MP-treated mice (P)

Sample type Groups OTUs ACE Chao1
Small intestine CT 131.80 ± 33.78 233.20 ± 49.79 191.50 ± 44.82

P 226.00 ± 64.80* 309.20 ± 54.15 289.90 ± 60.84*

Cecum CT 381.30 ± 26.02 405.50 ± 21.77 412.00 ± 29.37
P 424.80 ± 14.86* 433.30 ± 13.36 433.20 ± 14.74

Colon CT 365.30 ± 17.48 402.00 ± 17.45 403.90 ± 20.39
P 399.50 ± 5.26** 415.10 ± 4.77 419.30 ± 6.68

T-tests were used to evaluate significant differences in the diversity of gut microbiota. Each value is 
presented as the mean ± SD. *p<0.05 vs. CT; **p<0.01 vs. CT. OTU: operational taxonomic unit.

Fig. 1.	 Shannon (A) and Simpson (B) indices of gut microbiota in non-treated (CT) and MP-treated (P) mice. T-tests were used 
to evaluate significant differences for the Shannon and Simpson indices of gut microbiota. *p<0.05, **p<0.01, ***p<0.001.
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the data, could completely separate the microbiota of the CT and 
P groups in the small intestine from those of the CT and P groups 
in the cecum and colon, indicating that there were significant 
differences in the diversity of microbiota between the small 
intestine and cecum or the small intestine and colon. The second 
principal coordinate (PC2), which accounted for 19.46% of the 
variance in the data, could completely separate the microbiota 
of the CT group from those of the P group in the small intestine. 
The diversity of bacterial populations along the intestinal tract 
was also compared using OTU overlaps (Fig. 2B and 2C). The 
total numbers of OTUs in the small intestine, cecum, and colon 
microbiota were 259, 453, and 457 for the CT group and 373, 
466, and 455 for the P group, and the two groups had 254 and 370 
OTUs in common (Fig. 2B and 2C).

MP treatment shifts the composition of microbiota in the small 
intestine, cecum, and colon

To assess specific changes in the gut microbiota, several 
predominant taxa from each group were selected for analysis 
(Fig. 3, Tables 2−4). At the phylum level, Firmicutes was the most 
predominant phyla, accounting for 97.98% of total bacteria in the 
small intestine in the CT group (Fig. 3A, Table 2). However, MP 
treatment decreased the abundance of Firmicutes and significantly 
increased the proportion of Bacteroidetes in the small intestine 
compared with the CT group (Table 2, p<0.05). This indicates 
that MP treatment decreased the F/B ratio in the small intestine. 
Moreover, MP treatment significantly increased the amount of 
Epsilonbacteraeota in the cecum compared with the CT group, 
while there was no obvious difference in the composition of colon 
microbiota between the CT and P groups (Table 2).

Obvious changes were observed in the gut microbiota at the 
family level (Fig. 3, Table 3). Compared with the CT group, mice 
in the P group exhibited a decrease in the relative abundance 

of Lactobacillaceae and a significant increase in the relative 
abundance of Lachnospiraceae in both the cecum and colon 
(p<0.05 or p<0.01), while no significant changes were observed in 
the composition of the microbiota of the small intestine between 
the CT and P groups. Some species in the predominant families 
Lachnospiraceae, Ruminococcaceae, and Erysipelotrichaceae are 
capable of producing SCFAs, especially butyrate and propionate 
[26]. The total levels of Lachnospiraceae, Ruminococcaceae, 
and Erysipelotrichaceae (SCFA-producing bacteria; Table 3) 
were significantly increased after administration of MP in both 
the cecum and colon in the P group compared with the CT group.

To validate the differences in the gut microbiota between the CT 
and P groups, several predominant microorganisms at the genus 
level were analyzed and compared (Table 4). The MP-treated 
group exhibited distinct increases in the relative abundances of 
Lachnospiraceae_NK4A136_group (%) in the cecum and colon 
microbiota compared with the CT group. No significant change 
was observed in the small intestine microbiota between the CT 
and P groups.

LEfSe was employed to identify specific taxa (from phylum 
to species levels) that were statistically different between the 
CT and P groups. A pairwise comparison between the CT and 
P groups indicated that there were 4 significantly different 
taxa in the small intestine, 17 significantly different taxa in the 
cecum, and 10 significantly different taxa in the colon microbiota 
(Fig. 4). For both the cecum and colon microbiota, the family 
Lachnospiraceae was higher in the P group compared with the 
CT group (LDA score >4, Fig. 4), which was consistent with the 
results shown in Table 3.

MP treatment shifts the production of SCFAs
Acetic acid, propionic acid, butyric acid, and valeric acid are 

the four main SCFAs found in the intestine, and all are beneficial 

Fig. 2.	 PCA (A) analysis of gut microbiota and operational taxonomic unit (OTU) overlaps of non-treated mice (B) and MP-treated mice 
(C) along the intestinal tract.
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Fig. 3.	 Comparison of small intestine (CTS, PS), cecum (CTC, PC) and colon (CTL, PL) microbiota at the level of the phylum 
(A) and family (B). Each taxonomic phylum and family accounted for the proportion of identified classification. CTS (PS), 
CTC (PC), and CTL (PL) correspond to small intestine, cecum, and colon of mice of the CT (P) group, respectively.

Table 2.	 Relative abundance of predominant taxa at the phylum level

Sample type Small intestine Cecum Colon
Groups CT P CT P CT P
Firmicutes (%) 97.98 ± 2.04 91.57 ± 4.21* 59.24 ± 5.45 57.30 ± 8.36 61.33 ± 6.53 53.92 ± 5.42
Bacteroidetes (%) 0.13 ± 0.07 2.49 ± 1.63* 32.29 ± 6.70 29.37 ± 9.51 25.01 ± 8.84 36.43 ± 7.08
Proteobacteria (%) 0.10 ± 0.13 2.08 ± 3.93 3.02 ± 1.83 6.29 ± 2.99 8.23 ± 8.99 5.93 ± 3.86
Actinobacteria (%) 0.34 ± 0.39 3.04 ± 4.76 1.66 ± 1.11 0.77 ± 0.44 0.42 ± 0.21 0.77 ± 0.56
Epsilonbacteraeota (%) 0.00 ± 0.00 0.02 ± 0.01 0.35 ± 0.19 3.36 ± 1.68* 2.17 ± 2.56 0.93 ± 1.28
T-tests were used to evaluate the significant differences in each bacterial population at the phylum level. Each value is presented as the mean 
± SD. *p<0.05 vs. CT. CT: non-treated mice, P: MP-treated mice.

Table 3.	 Relative abundance of predominant taxa at the family level

Sample type Small intestine Cecum Colon
Groups CT P CT P CT P
Lactobacillaceae (%) 91.72  ±  6.88 81.23  ±  8.05 27.32  ±  7.59 13.39  ±  7.03* 39.68  ±  9.84 16.59  ±  11.25*

Muribaculaceae (%) 0.11  ±  0.07 2.34  ±  1.67* 21.10  ±  10.27 21.47  ±  10.59 12.46  ±  8.52 25.08  ±  8.88
Lachnospiraceae (%) 0.15  ±  0.12 0.67  ±  0.74 8.18  ±  5.74 30.01  ±  10.13** 13.04  ±  4.95 23.76  ±  4.28*

Erysipelotrichaceae (%) 0.05  ±  0.04 4.25  ±  5.61 15.07  ±  10.30 2.34  ±  2.24 2.38  ±  2.97 6.17  ±  6.87
Ruminococcaceae (%) 0.31  ±  0.53 0.33  ±  0.16 8.00  ±  3.80 9.88  ±  3.71 3.59  ±  3.57 6.15  ±  2.42
SCFA-Producing Bacteria (%) 0.51  ±  0.68 5.24  ±  5.17 31.26  ±  4.69 42.22  ±  5.30* 19.00  ±  6.77 36.08  ±  7.40*

T-tests were used to evaluate the significant differences in each bacterial population at the family level. Each value is presented as the mean  ±  SD. *p<0.05 
vs. CT; **p<0.01 vs. CT. CT: non-treated mice, P: MP-treated mice, SCFA: short-chain fatty acid.

Table 4.	 Relative abundance of predominant taxa at the genus level

Sample type Small intestine Cecum Colon
Groups CT P CT P CT P
Lachnospiraceae_NK4A136_group (%) 0.05 ± 0.01 0.29 ± 0.32 0.97 ± 0.62 7.31 ± 3.69* 2.41 ± 1.49 10.07 ± 5.05*

Dubosiella (%) 0.03 ± 0.03 3.08 ± 3.76 10.03 ± 11.14 1.53 ± 1.77 0.84 ± 1.29 3.92 ± 4.42
Prevotellaceae_UCG-001 (%) 0.00 ± 0.00 0.05 ± 0.07 4.98 ± 2.44 2.09 ± 1.04 5.88 ± 5.71 3.13 ± 2.20
Escherichia-Shigella (%) 0.01 ± 0.01 1.99 ± 3.95 0.62 ± 0.59 0.58 ± 0.86 6.15 ± 10.26 2.13 ± 4.08
Roseburia (%) 0.02 ± 0.04 0.05 ± 0.07 2.90 ± 5.06 3.12 ± 1.32 3.26 ± 4.22 1.72 ± 0.58
T-tests were used to evaluate the significant differences in each bacterial population at the genus level. Each value is presented as the mean ± SD. *p<0.05 
vs. CT. CT: non-treated mice, P: MP-treated mice.
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for human health. To assess the effects of MP on the production of 
SCFAs in mice, gas chromatography was used to determine the level 
of SCFAs in fecal samples. As shown in Fig. 5, the concentration of 
acetic acid was notably lower in the P group compared with the CT 
group (p<0.05 or p<0.01). Moreover, MP administration resulted 
in an increase in the production of butyric acid and valeric acid in 
mice compared with the CT group (p<0.01, Fig. 5).

DISCUSSION

Gut microbiota composition has been associated with 
human health and disease. However, feces do not fully reflect 

the microbial ecology of the intestine [27, 28]. Therefore, it 
is essential to investigate the characteristics and structure of 
microbiota along the mouse gastrointestinal tract [29]. Some 
polysaccharides are nondigestible carbohydrates and are not fully 
digested in the upper gut. It has become clear that nondigestible 
carbohydrates are healthy, and their health benefits are attributed 
to their contribution to the gut microbiota [10, 11]. It has been 
shown that nondigestible carbohydrates have a large impact on the 
characteristics and distribution of gut microbiota [30, 31]. Several 
studies have recently indicated that nondigestible carbohydrates 
affect the profiles of gut microbiota in a manner dependent on 
the structure of polysaccharides, including their glycosidic 

Fig. 4.	 Comparisons of small intestine (A), cecum (B), and colon (C) bacteria using linear discriminant analysis effect size (LEfSe). The 
histogram shows the linear discriminant analysis (LDA) scores computed for features from phylum to species level.

Fig. 5.	 Effects of the polysaccharide extracted from morels on short-chain fatty acid (SCFA) production (mg per 100 g) in mice. T tests 
were used to evaluate significant differences for SCFA production. Each value was presented as the mean ± SD. *p<0.05, **p<0.01.
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linkages and monosaccharide compositions [30–33]. As newly 
identified prebiotic resources, mushroom polysaccharides have 
garnered much attention [34, 35]. Several studies over the years 
have demonstrated that mushroom polysaccharides could alter 
the composition of the gut microbiota. Xu et al. reported that 
L. edodes-derived polysaccharide L2 could reverse age-related 
changes in the composition of the gut microbiota, such as the 
reduction in the ratio of Firmicutes to Bacteroidetes, the increase 
in the levels of Bacteroidia and Bacteroidaceae, and the decrease 
in the levels of Bacilli, Betaproteobacteria, Lactobacillaceae, 
and Alcaligenaceae [36]. The study by Chang et al. showed that 
Ganoderma lucidum could reduce obesity in mice by modulating 
the composition of the gut microbiota, indicating that G. lucidum 
and its high-molecular-weight polysaccharides may be used as 
prebiotic agents to prevent gut dysbiosis and obesity-related 
metabolic disorders [37]. Polysaccharides extracted from morels 
have also been intensively investigated for their potential medical 
applications and bioactivities [6–9]. However, the effect of 
polysaccharides from morels on gut microbiota has rarely been 
reported, and this needs to be studied in greater detail.

Previously, a new heteropolysaccharide, MP, isolated from 
the fruiting body of wild morels was described [15]. The total 
carbohydrate and protein contents of MP were 88.01% and 
3.54%, respectively, and the UV spectra of MP demonstrated 
that the sample was free of nucleic acids [15]. The results 
of HPLC showed that MP mainly consisted of D-mannose, 
D-glucose, D-galactose, and L-rhamnose, with the mass ratio 
being 43.15:19.56:20.25:1 [15]. It has been considered that the 
molecular weights of polysaccharides have a great relationship 
with their biological activity; most polysaccharides with 
medicinal properties are molecules with a molecular weight 
above 100 kDa [38]. The average molecular weight of MP was 
found to be 3.974 × 103 kDa, implying that MP is certain to have 
medicinal value [15]. In this study, the impact of a mushroom 
polysaccharide extracted from morels (MP) on microbiota 
diversity and composition along the mouse intestine was explored 
using a high-throughput pyrosequencing technique. We examined 
the effects of MP treatment on the diversity of gut microbiota 
along the gastrointestinal tract in mice and found that MP 
increased the number of OTUs and bacterial diversity. Recent 
studies have shown that low levels of microbiota species and 
diversity are associated with abnormal immune function [39]. 
Our results indicated that MP was beneficial for host health.

Comparisons of the predominant gut microbiota at the phylum 
level revealed that Firmicutes and Bacteroidetes were the two 
most prevalent phyla in the small intestine, cecum, and colon 
among the two groups. However, in the small intestine after 
administration of MP, the relative abundance of Bacteroidetes was 
notably increased, whereas that of Firmicutes was significantly 
decreased. Bacteroidetes can metabolize many complex 
carbohydrates using a series of membrane protein complexes, 
termed Sus-like systems [40]. For example, it was found that 
nearly all of the major plant and host glycans could be utilized 
by B. thetaiotaomicron and B. ovatus [41]. It was also found 
that the phylum Bacteroidetes was enriched in carbohydrate 
metabolic pathways, whereas the phylum Firmicutes possessed 
a smaller number of polysaccharide-degrading enzymes [42, 43]. 
Therefore, the enrichment of Bacteroidetes in MP-treated mice 
could be related to the degradation of MP in the mouse intestine.

At the family level, MP was found to notably increase the 

relative abundance of Lachnospiraceae in the cecum and colon. 
It is well known that plant polysaccharides are not digested 
by human enzymes but are instead processed by absorbable 
SCFAs secreted by gut bacteria [28]. It has been reported that 
Ruminococcaceae and Lachnospiraceae are responsible for the 
degradation of polysaccharides [44, 45]. Meanwhile, some species 
in the families of Lachnospiraceae, Ruminococcaceae, and 
Erysipelotrichaceae are capable of producing SCFAs, especially 
butyrate and propionate [26]. In our study, the total levels of the 
SCFA-producing bacteria Lachnospiraceae, Ruminococcaceae, 
and Erysipelotrichaceae along the intestine were compared 
between the CT and P groups, and the results showed that the 
relative abundance of SCFA-producing bacteria in the cecum and 
colon was significantly increased after the administration of MP. 
These results indicated that MP promoted the proliferation of 
SCFA-producing bacteria, especially Lachnospiraceae, resulting 
in an increase in the production of SCFAs.

To further verify these results, the levels of SCFAs in fecal 
samples from non-treated and MP-treated mice were measured 
using gas chromatography. These results showed that, following 
MP treatment, the concentration of acetic acid in the fecal samples 
notably decreased, while the concentrations of butyric acid and 
valeric acid both significantly increased. The decrease in acetic 
acid may be due to SCFA-producing bacteria consuming acetate 
to produce butyrate via butyryl-CoA:acetate CoA-transferase 
[26]. It is believed that increased levels of SCFAs produced by 
SCFA-producing bacteria can acidify the intestinal environment 
to protect it against pathogenic bacteria [46].

SCFAs have been reported to play important roles in the 
regulation of host immunity [47–49]. It has been demonstrated 
that SCFAs regulate gut immunity by inducing regulatory T cells 
(Treg cells) through the inhibition of histone deacetylase (HDAC) 
[50–52]. It has also been shown that butyrate can function as a 
ligand of the G-protein-coupled receptor, GPR109a, expressed on 
dendritic cells (DCs) and induce the production of retinoic acid 
and IL-10, leading to the expansion of Treg cells [53]. Considering 
these positive effects on host physiology and immunity, our 
results indicated that MP treatment could enhance the immunity 
of the host and was beneficial for host health. However, the extent 
of the effects of MP on host immunity is still not fully understood 
and needs further investigation.

In conclusion, MP treatment increased the number of OTUs and 
diversity along the gastrointestinal tract of mice, especially in the 
small intestine. It also altered the composition of the gut microbiota 
along the intestine. At the phylum level, the relative abundance 
of Bacteroidetes was increased, while the relative abundance of 
Firmicutes was decreased in the small intestine. At the family level, 
MP treatment increased the levels of Lachnospiraceae in both the 
cecum and colon. Moreover, It promoted the production of SCFAs, 
such as butyric acid and valeric acid, in mice.
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