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Abstract: This study explores the impact of polysaccharides from cultivated edible mushrooms
Lentinus squarrosulus and Lentinus polychrous on bacterial microbiota, called bacteriome. Initially two
mushroom mycelium isolates PB1 and LP1 were identified as L. squarrosulus PB1 and L. polychrous
LP1, respectively, through molecular-based techniques. In-house mushroom cultivation and
polysaccharide extraction revealed the sustainable source of mushroom polysaccharide. The
fermentation of crude polysaccharide extracted from PB1 and LP1 designated as LS and LP,
respectively, changed the gut bacteria by increasing the amounts of the beneficial bacteria genera of
Bacteroides and Parabacteroides while reducing the harmful Prevotella. The fermentation process also
led to an increase in a potentially opportunistic pathogen Fusobacterium. The reduction in the
Firmicutes-to-Bacteroidota (F/B) ratio and Blautia-to-Bacteroides (Bla/Bac) was found after the
fermentation with either LS and LP. Fermentation with LS and LP also led to pH reductions, this
might be related to the fermentation end-products. This study highlights the potential of the
reinforcing crude polysaccharides from these two Lentinus species for gut health applications.
However, more in-depth research is needed to understand how these polysaccharides selectively
stimulate with gut bacteria and their effects on different diseases to confirm their health benefits.

Keywords: Lentinus polychrous; Lentinus squarrosulus; polysaccharide; prebiotic; human gut
bacteriome; in vitro fecal batch fermentation

1. Background

Currently, the study of the human microbiome has led to significant new medical knowledge,
specifically the association between the human gut microbiome and the human states of either health
or disease [1]. It has been found that key factors in the development of various diseases such as
asthma [2], obesity [3], cardiovascular diseases [4], autism [5], and cancer [6] are influenced by the
imbalance in the gut microbiome, called dysbiosis. This knowledge has led to the reasonable idea of
developing new prevention and treatment strategies. Notably, recent studies have highlighted the
therapeutic potential of prebiotics in disease management through the restoration of gut microbiome
balance [7].

Prebiotics are defined as a substrate that is selectively utilized by host microorganisms,
conferring a health benefit [8]. Unlike other nutrients, prebiotics resist digestion in the human
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gastrointestinal tract and instead undergo fermentation by gut microorganisms, especially probiotics.
This fermentation process yields short-chain fatty acids (SCFAs) such as acetic acid, butyric acid, and
propionic acid, along with other metabolites that support the health of vital organs, including the
brain and heart [9,10]. Edible mushrooms have emerged as a significant source of prebiotic
compounds, particularly polysaccharides like beta-glucans. In vitro studies have demonstrated that
polysaccharides extracted from various wild mushrooms can stimulate the growth of probiotic
strains such as Lactobacillus acidophilus and Lactobacillus rhamnosus [11]. Furthermore, in vitro fecal
fermentation studies have revealed that polysaccharides from mushrooms, including Pleurotus
eryngii [12], Tremella fuciformis [13], Agaricus bisporus [14], Hericium erinaceus [15], as well as dried
fruiting body powder of Lentinus squarrosulus, can positively alter gut microbiota composition by
increasing populations of beneficial bacteria, notably Bifidobacterium species [16]. These findings
underscore the promising role of mushroom-derived polysaccharides in modulating the gut
microbiome.

In the present study, we focused on two wild edible mushrooms, Lentinus squarrosulus PB1 and
Lentinus polychrous LP1, identified through molecular-based methods. The fruiting bodies of these
mushrooms were cultivated to serve as sources of polysaccharides. The extracted polysaccharides
underwent characterization and were subsequently utilized in batch fecal fermentation experiments
to assess their impact on human gut bacteriome composition. Our findings support the potential
application of polysaccharides derived from edible mushrooms in modulating the human gut
microbiome.

2. Methods

2.1. Ethical Approval

The procedure for the collection and usage of fecal samples from the volunteers was approved
by the Ubon Ratchathani University Ethics Committee for Human Research under the permission
number UBU-REC-35/2566.

2.2. Collection of Wild Edible Mushroom Mycelium

Two wild mushroom isolates coded as PB1 and LP1 are our wild mushroom mycelium
collections. The mushroom mycelium PB1 was originally isolated from Piboonmungsahan district,
Ubon Ratchathani, Thailand. The code LP1 refers to another isolate obtained from the forest at Ubon
Ratchathani University, located in Warin Chamrab district, Ubon Ratchathani, Thailand. The
mycelium was submerged in sterile distilled water and was kept at ambient temperature.

2.3. Fungal Genomic DNA Extraction

The stock mycelium of each mushroom was re-grown on potato dextrose agar (PDA) (Oxoid,
Basingstoke, United Kingdom) at 32°C for 7 days. The mycelium was harvested and used for genomic
DNA extraction. The genomic DNA of mushrooms was extracted using the Prep Fungi/Yeast
Genomic DNA Extraction Mini Kit according to the manufacturer’s instructions (Favorgen Biotech
Corp., Ping Tung, Taiwan). The quality of extracted DNA was verified by measuring the absorbance
at 260 and 280 nanometers. The value of the ratio A260/280 between 1.8 and 2.0 was accepted for
further use. The extracted DNA was stored at —20°C until use.

2.4. Species Identification of Mushrooms

The identification of wild mushroom species was conducted using the polymerase chain reaction
(PCR) method to amplify the 285 rRNA gene, followed by nucleotide sequencing and analysis. The
oligonucleotide primers and amplification conditions are processed as in the previous report [17].
The ingredients for PCR were sourced from the AllTaq™ PCR Core Kit (Qiagen, Maryland, USA).
The amplified products (amplicons) were verified by gel electrophoresis. The amplicons were


https://doi.org/10.20944/preprints202504.0897.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 April 2025 d0i:10.20944/preprints202504.0897.v1

3 of 23

purified with a HiYield™ Gel/PCR DNA Fragments Extraction Kit (RBC Bioscience, Taiwan).
Nucleotide sequencing was conducted at the ATGC (Thailand Science Park, Thailand) utilizing the
chain-termination DNA technique. The sequencing result was compared to fungal 285 rDNA
sequences held in the National Center for Biotechnology Information (NCBI) database using
extremely comparable sequences (megablast) parameter settings. The Molecular Evolutionary
Genetics Analysis Version 11 (MEGA11) used the neighbor-joining method with bootstrap values for
1,000 replicates to construct the phylogenetic tree [18].

2.5. In-House Cultivation of Mushrooms

The purified mycelium of both PB1 and LP1 was grown on PDA (Oxoid) at 32°C for 7 days. After
incubation, the mycelium with a size of 1x1 centimeter (cm) was cut from PDA and transferred into
a ripe millet-containing bottle. The culture was incubated at 32°C for 14 days. Insert 8 to 10 millet
seeds enveloped in mushroom mycelium into four designated locations on the side of the sawdust
plastic bags, which were then incubated at ambient temperature in the mushroom cultivation house.
The water was sprayed on the bags twice per day. After 14 days of incubation, fruiting bodies of
mushrooms were harvested and used for crude polysaccharide extraction. The mushroom cultivation
was conducted at a Pundee mushroom farm in Warin Chamrap District, Ubon Ratchathani Province,
Thailand.

2.6. The Extraction of Crude Polysaccharides

The crude polysaccharide extracted from each mushroom was prepared as described in our
previous report with some modification [19]. Ten grams of dried, ethanol-prewashed mushroom
powder were mixed with 90 ml of distilled water. The mixture was incubated at 90°C in a sonication
water bath for 30 min. The mixture was further incubated in a water bath without sonication at the
same temperature for 3 h. After room temperature cooling of the mixture, the mixture was
centrifuged at 9000xg for 20 min. The clear upper supernatant was collected and added to the butanol-
chloroform solution at a 1:1 ratio (clear upper supernatant: butanol-chloroform solution). The mixture
was centrifuged at 9000xg for 5 min. The upper phase of the solution was collected and mixed with
absolute ethanol (VWR, BDH Chemical, Pennsylvania, United States) at a 1:4 ratio (upper phase
supernatant: absolute ethanol). The mixture was further incubated at 4°C for 24 h. The mixture was
centrifuged at 9000xg for 20 min. The pellet of extracted polysaccharide was washed with absolute
ethanol and dried at 50°C for 3 h. Thereafter, the crude polysaccharide was crushed into a fine powder
using a sterile mortar and pestle. In this study, the crude polysaccharides extracted from L.
squarrosulus PB1 and L. polychrous LP1, are hereafter called LS and LP, respectively. The extraction
yields were calculated as our previous report [19].

2.7. Determination of Total Carbohydrate

The total carbohydrate composition of the crude polysaccharide was assessed as previously
outlined [20]. Briefly, an appropriate dilution of 50 ul of crude polysaccharide was combined with
150 ul of concentrated sulfuric acid (Fisher Scientific, Seoul, Republic of Korea). Subsequently, the
mixture was combined with 30 pl of 5% (w/v) phenol (Fisher Scientific, Waltham, Massachusetts,
United States). The solution was maintained at 90°C for 5 min. The reaction mixture was then allowed
to cool to ambient temperatures. The absorbance of the reaction solution was measured at a
wavelength of 490 nm using a microplate reader (Bio Chrom/EZ Read 2000, Biochrom Ltd.,
Waterbeach, Cambridge, UK). A D-(+)-glucose solution (PanReac Applichem, Darmstadt, Germany)
at varying concentrations was employed to ascertain the standard concentration point.

2.8. Determination of Reducing Sugar, Protein Content, and Phenolic Compounds

A 3,5-dinitrosalicylic acid (DNS) test was used to measure the amount of reducing sugar in the
extracted crude polysaccharide, as explained earlier [21]. The absorbance of the reaction mixture was
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measured at 540 nm using a microplate reader. A D-glucose solution (PanReac Applichem) was
employed to ascertain the standard concentration. The protein content of the extracted crude
polysaccharides was assessed as previously described [22]. The absorbance of the reaction mixture
was measured at 595 nm using a microplate reader. Bovine serum albumin (Sigma-Aldrich) was used
to prepare the standard protein solution. Analysis of phenolic compound content in polysaccharide
extract samples was performed using previously reported methods [23].

2.9. Simulation of Human Gastrointestinal Digestion

The simulation of human gastrointestinal ingesting conditions followed the previous
description [24]. Briefly, the digestion process consisted of three consecutive phases: oral phase,
gastric phase, and intestinal phase. Table 1 displays all the chemical solutions and buffers used in
the digestion process. For the oral phase, 5 g of crude polysaccharide powder, either LS or LP was
mixed with simulated salivary fluid (SSF) supplemented with 1500 U/ml alpha-amylase (a-Amylase
from human saliva Type XIII-A, lyophilized powder, 300-1,500 units/mg protein, Sigma-Aldrich
product no. A1031-1KU). The solution was mixed by vortexing and incubated at 37°C for 2 min. For
the gastric phase, the solution was further mixed with simulated gastric fluid (SGF) supplemented
with 25,000 U/ml pepsin (pepsin from porcine gastric mucosa >3,200 units/mg protein, Sigma-Aldrich
product no. P6887). The solution was mixed by vortexing and incubated at 37°C for 2 h. During the
incubation, the solution was vortexed every 15 min. After the incubation, simulated intestinal fluid
(SIF) with 800 U/ml porcine pancreatin (Sigma-Aldrich, Cat. No. P7545) and bile salts (Sigma-Aldrich,
product no. B8756) was added to the solution. The solution was mixed by vortexing and incubated
at 37°C for 2 h. In the final step, the solution tubes were centrifuged at 9000 rpm for 10 min to separate
the supernatant from the solid residue that was further used for the fermentation process. To prepare
the control, called tubeA, in the digestion process, sterile water was used instead of crude

polysaccharides.
Table 1. Chemical components in simulated digestive solutions.
Simulated digestive solutions and their final concentration (mmol/l)
Chemical . . .
emicals 51mulatec:Ss ;i:)v ary fluid simulated gastric fluid (SGF) simulated intestinal fluid (SIF)
KCl 15.10 6.90 6.80
KH2POx4 3.70 0.90 0.80
NaHCOs 13.60 25.00 85.00
NaCl - 47.20 38.40
MgCl2(H20)s 0.15 0.10 0.33
(NH4)2COs 0.06 0.50 -
CaClz(H20) 1.50 0.15 0.60
Final pH 7.00 3.00 7.00

2.10. Selection and Allocation of Volunteers for the Feces Donation

People who live in Khoo Mueang Subdistrict, Warinchamrap District, Ubon Ratchathani
Province, were invited to be volunteers. The rationale and aims of the research project, as well as the
criteria for selecting the volunteer, were thoroughly explained to the suspect volunteer. The criteria
for selecting the volunteer included: 1) who had an age from 18 to 35 years old, 2) who had no
condition with any recognized gastrointestinal diseases, and 3) who had not received antibiotics for
6 months prior to donating the fecal sample.

2.11. Fecal Slurry Preparation

The fecal samples were obtained from 4 registered volunteers without restriction to gender. The
fecal samples were collected in sterile bottles and were kept in microaerobic conditions by using an
anaerobic jar (Schuett Biotec, Gottingen, Germany) containing the oxygen absorber-CO: generator
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system Campygen (Oxoid) and were carried to the microbiology laboratory, the College of Medicine
and Public Health, Ubon Ratchathani University, Warinchamrap, Ubon Ratchathani, Thailand. The
fecal slurry was prepared as previously described [25]. In short, 10 grams of each fecal sample were
measured and thoroughly mixed in a 50 ml tube by shaking it continuously at 2000 rpm for 5 minutes.
Thirty-two grams of mixed feces were aliquoted and dissolved with phosphate buffer pH 7.2 (Sigma-
Aldrich) to obtain the final concentration of 32% (w/v) feces, which were immediately used in the
fermentation process.

2.12. In Vitro Batch Fermentation

The crude polysaccharides, LS and LP, that have undergone gastrointestinal simulation
digestion were used in the fermentation with the fecal slurry of volunteers using the batch
fermentation method. Two control sets include the mConA (used of Milli-Q instead of tested
substance) and mConB (used of solid residue and supernatant from tubeA from the simulation of the
human gastrointestinal digestion step) were included in the experiment. The fermentation employed
galacto-oligosaccharides (GOS) as the reference prebiotic. Table 2 displays the composition of each
testicular sample, also referred to as the treatment. All solutions were made in 50 ml sterile tubes,
mixed with a vortex, and the tube caps were slightly opened and kept in the BACTRON anaerobic
chamber (Sheldon Manufacturing Inc., Cornelius, Oregon, USA) at 37°C. The mixture in each
treatment was collected for genomic DNA extraction at 0 and 24 h of incubation.

Table 2. Components of each treatment for the in vitro batch fermentation.

Components
Supernatant from the Solid Residue from the
Treatments  Fermentation 32% (w/v) simulation of human  simulation of human
medium? Fecal slurry gastrointestinal gastrointestinal
digestion digestion
Crude
polysaccharide 7.5ml 2ml 350 ul 05g
LS
Crude
polysaccharide 7.5ml 2ml 350 pl 05¢g
LP
COS 75 ml > ml 05g GQS was dissolved in 1.0 ml s.terile'water
and filtered through a 0.2 um syringe filter®
mConA 7.5 ml 2 ml 0.85 ml Milli-Q water
350 ul 05¢g
mConB 7:5ml 2ml from tubeAc from tubeA-

2 The fermentation medium composed of 2.0 g yeast extract, 0.02 g K,HPO,, 0.005 g CaCl,, 1.0 g NaHCOs, 0.05 g
NaCl, 1.0 g peptone, 0.005 g MgSO,, 0.23 g cysteine-HCl, 0.5 g resazurin, 0.01 g hemin, 1.0 mL Tween 80, 0.25 g
bile salt, and 5 pL vitamin K1, which is a sugar-free medium, was prepared according to the method of Chen et
al. [26]. ®* GOS was not subjected in simulation of human gastrointestinal digestion.ctubeA is obtained from the

step of the simulation of human gastrointestinal digestion.

2.13. Extraction and Qualification of Genomic DNA

The total genomic DNA from each sample was extracted by ZymoBIOMICS DNA Miniprep Kit
(Zymo Research Corp., Irvine, CA, USA) following the manufacturer’s protocol. The quality and
quantity of genomic DNA were measured by the Qubit Fluorometer (Thermo Fisher Scientific, USA).
The conventional polymerase chain reaction (PCR) with primer pair 27F (5'-
AGAGTTTGATCCTGGCTCAC-3) and 1492R (5-GGTTACCTTGTTACGCTT-3') was used to
amplify the target 165 rRNA gene of bacteria. The amplified product was verified by agarose gel
electrophoresis. The extracted DNA was kept at -20 °C until use.
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2.14. Metagenomics 16S rRNA Sequencing and Analysis

The V3-V4 hypervariable region of the 165 rRNA gene was amplified using universal primers
(341F, 5-CCTAYGGGRBGCASCAG-3’, 806R, 5-GGACTACNNGGGTATCTAAT-3’), and high-
fidelity Phusion polymerase, followed by purification with AMPure XP beads. Libraries were
prepared with Illumina adapters and sequenced on an Illumina NovaSeq 6000 platform, generating
250 bp paired-end reads. Raw sequences were cleaned up using QIIME2 [27], with DADA?2 [28]
helping to remove errors and identify unique sequences. Taxonomic classification was performed
using a Naive Bayes classifier trained on the SILVA database (v138) [29]. Alpha diversity (Shannon,
observed feature, Chaol, and Simpson indices) and beta diversity (Bray-Curtis and UniFrac) were
analyzed in QIIME2, with principal coordinate analysis (PCoA) and NMDS for visualization.
Phylogenetic trees were constructed using FastIree [30]. Differential abundance analysis was
conducted using LEfSe [31].

3. Results

3.1. Species Identification of Mushrooms

The PCR results indicated that the amplified product with approximately 1,000 base pairs (bp.)
was obtained from mushrooms with codes PB1 and LP1 (Figure 1, a). Nucleotide sequencing analysis
of the amplified product from mushrooms PB1 and LP1 revealed that they had nucleotide sequences
of 1,075 bp. and 1,045 bp., respectively. The 1,045 bp nucleotide sequence from LP1 showed a 100%
identity with the nucleotide sequence of a large subunit of the 285 ribosomal RNA gene (LSU-28S
rRNA) of the mushroom Lentinus polychrous voucher KM141387. (GenBank accession No.
KP283514.1). The 1,075 bp nucleotide sequence from PB1 has an identical nucleotide sequence to the
LSU-28S rRNA of the mushroom Lentinus squarrosulus voucher FRIM4180. (GenBank accession no.
KP283517.1). Analysis of the phylogenetic tree (Figure 1, b) demonstrated that the LSU-28S rRNA
nucleotide sequence of PB1 and LP1 mushrooms are closely grouped into the LSU-28S rRNA gene of
the Lentinus squarrosulus group and the Lentinus polychrous group, respectively. Therefore, based on
these analysis results, the species of PB1 and LP1 mushrooms can be classified as Lentinus squarrosulus
and Lentinus polychrous, respectively. Thus, the strain name were designated as Lentinus squarrosulus
PB1 and Lentinus polychrous LP1.

a b

AF261563.1 Lentinus squarrosulus strain NedaC500
OR554123.1 Lentinus squarrosulus isolate PB1 ===
KP283515.1 Lentinus squarrosulus voucher BORH0009
KP283516.1 Lentinus squarrosulus voucher CUI6513
0Q915355.1 Lentinus squarrosulus isolate LS1
KP283517.1 Lentinus squarrosulus voucher FRIM4180
0Q915356.1 Lentinus polychrous isolate LP2
KP283514.1 Lentinus polychrous voucher KM141387
AY615991.1 Lentinus polychrous isolate10235
LC052215.1 Lentinus polychrous BCC 29606
PQ340139.1 Lentinus polychrous isolate LP1 <=

DQO71811.1 Pleurotus ostreatus voucher TUB011571

KM411475.1 Lentinus tigrinus voucher LE214778

2000 % KP283520.1 Polyporus brumalis voucher PB1
1500 52 KP283519.1 Polyporus brumalis voucher EP4
1000 p KU189797.1 Polyporus arcularius isolate Cui11398
900 ~1000 bp ~1000 bp KX900099.1 Polyporus arcularius voucher Dai5499
800 —— 89 KX900097.1 Polyporus arcularius voucher Cui12256
700 74— KP283512.1 Lentinus badius voucher JS0094

600 L KP283513.1 Lentinus badius voucher JSKT5858

KP283510.1 Lentinus sajor-caju voucher SNP24989
—i‘” E KP283509.1 Lentinus sajor-caju voucher FRIG2056
% KX900181.1 Lentinus sajor-caju voucher Dai13712

KP283521.1 Lentinus crinitus voucher AJ527

Figure 1. Mushroom molecular identification. (a) Ethidium bromide-stained agarose gel exhibiting LSU-28S
rRNA amplified from L. squarrosulus PB1 and L. polychrous LP1. Lane M had VC DNA ladder. Lanes 1 and 2
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contained PB1 and LP1 LSU-285 rRNA gene amplified products. Lane N contains PCR product without DNA
template. The DNA ladder’s base pairs (bp) are shown on the gel. (b) Taxa evolutionary relationships are
identified using LSU-28S rRNA gene data and neighbor-joining. Each node has bootstrap support above 50%.
Evolutionary analyses were conducted using MEGA11. Pleurotus ostreatus was used as an outgroup. The arrow
behind their taxonomy names indicates the LSU-28S rRNA of L. squarrosulus PB1 and L. polychrous LP1.

3.2. Deposition of Ribosomal RNA Gene Sequence in the NCBI Database

The LSU-285 rRNA gene sequences of L. polychrous LP1 and L. squarrosulus PB1 were deposited
in the National Center for Biotechnology Information (NCBI) database with the accession numbers
PQ340139 and OR554123, respectively.

3.3. Cultivation of Mushrooms

The results of cultivating mushroom mycelium in millet seeds showed that after 14 days of
incubation, the mycelium of L. polychrous LP1 and L. squarrosulus PB1 developed fully white
mycelium in the bottles (Figure 2, a). The results of growing mushrooms in sawdust plastic bags
showed that L. polychrous LP1 had brownish funnel-shaped gills, while L. squarrosulus PB1 had white,
button-like caps. (Figure 2, b). The fruiting bodies of mushrooms were initially harvested at
approximately 14 days after cultivation (when the caps start to flatten). After two weeks of mushroom
harvesting, it was found that each type of mushroom produced approximately 200 to 300 g/one
sawdust plastic bag.

L. squarrosulus PB1 L. polychrous LP1 L. squarrosulus PB1 L. polychrous LP1

Figure 2. Cultivation of mushrooms L. polychrous LP1 and L. squarrosulus PB1. (a) The mycelium grown on millet

grains for 14 days. (b) the fruiting bodies of mushrooms in sawdust plastic bags after 14 days of cultivation.

3.4. Compound Component in Extracted Crude Polysaccharides

After extraction, the crude polysaccharides derived from L. squarrosulus PB1 (designated as LS)
and L. polychrous LP1 (designated as LP) were light brown in color (Figure 3). As shown in Table 3,
it was revealed that the major components of both LS and LP were carbohydrates with low amounts
of protein and reducing sugars. The extraction yield of crude polysaccharides (LS and LP) were
7.68+0.04 and 9.29+0.03, respectively. The polysaccharide contents of LS and LP were approximately
calculated as 81.81% and 82.90% of total carbohydrates. Moreover, despite their small quantities, both
LS and LP contain the phenolic compound.
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Figure 3. Appearance of crude polysaccharide LS from L. squarrosulus PB1 (a) and LP from L. polychrous LP1
(b).

Table 3. Yield of crude polysaccharides and the amount of total carbohydrates, reducing sugars,

polysaccharides, total protein, and phenolic compound constituted in crude polysaccharides LS and LP (1 = 3).

Phenoli
Crude Yield* Total Carbohydrate Reducing Sugar Polysaccharide Total Protein ComeI::l: d
Polysaccharide (%) (mg/g) (mg/g) (mg/g) (mg/g) (mp o/e)
LS 7.68+0.04 462.22 +28.70 83.82+4.32 378.41 +29.26 19.08+3.15  34.38+4.53
LP 9.29+0.03  509.74 + 27.08 87.09+3.47 422.65 +25.84 28.46+1.32  67.72+2.88

The value is expressed as the mean + S.D. of triplicate experiments.

3.5. Characteristics of Volunteers for the Feces Donation

The total of stool samples was collected from the four volunteers. All the volunteers were male,
with an average age of 21.5 years. The general interview revealed they consumed a balanced diet,
had no recognized chronic diseases, were not undergoing treatment for gastrointestinal diseases, had
no history of infectious diseases, and had no history of taking any antibiotics in the past 6 months.
All the volunteers are willing to participate in the research project.

3.6. Total Number of Fermentation Treatments

In this research, two testing treatments were examined to investigate how they affected the
bacteriome in human feces. These treatments were crude polysaccharides of LS and LP. In addition,
the control groups were included in the study: one was the reference prebiotic GOS, and the other
two controls from the digestion process were called mConA and mConB. The original fecal slurry
solution (BL) from the volunteers was also determined as the starting bacteriome. Each group was
performed in quadruplicate, except for the control group of GOS, due to two fermentation tubes
being lost during the fermentation; thus, only two GOS samples were retained. This is the same for
the original fecal slurry solution (BL), three samples of BL were retained. The samples of pre- (0 h)
and post-fermentation (24 h) were done in the fermentation process and were used for performing
the nucleotide sequencing covering the hypervariable regions V3-V4 on the bacterial 16S rRNA gene.

3.7. Verification of the Genomic DNA Extracted Before and After the Fermentation

Based on conventional PCR followed by agarose gel electrophoresis, it was found that specific
DNA fragments with approximately 1,500 base pairs (as indicated by the arrow in Figure 4)
encompassing the 165 rRNA gene could be amplified from all fermentation treatments. Moreover,
the quantity and purity of genomic DNA verified by NanoDrop spectrophotometer, (Thermo Fisher
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Scientific Inc., Wilmington, DE, USA) showed an acceptable amounts and quality that met an
acceptable criterion for 165 metagenomic DNA sequencing (supplemental data Table 1).
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from the different samples as indicated below: from the different samples as indicated below:

Lane 1to 3 are BL 1 to BL3, respective. Lane 1to 4 are LP1 to LP4, respective.

Lanes 4 to 7 are LP1 to LP4, respective. Lanes 4 to 7 are LS1 to LS4, respective.

Lanes 8to 11 are LS1 to LS4, respective. Lanes 8to 10 are GOS1 to GOS2, respective.

Lanes 12to 13 are GOS1 to GOS2, respective. Lanes 11to 14 are mConB1 to mConB4, respective.

Lanes 14to 17 are mConB1 to mConB4, respective. Lanes 15to 18 are mConA1 to mConA4, respective.

Lanes 18to 21 are mConA1 to mConA4, respective.

Figure 4. Ethidium bromide-stained gel showing the amplified product of the partial 16S ribosomal RNA gene
(16S rRNA) of bacteria of the samples at 0 h (a) and 24 h (b) after fermentation. Lane M contained the VC DNA
ladder. Lane P contained the PCR product with genomic DNA of Escherichia coli as a positive control. Lane N
contained the PCR product without any DNA template. The amplified products of different samples were

explained as textually embedded in the figure. Arrow indicates the amplified product size in base pair (bp.).

3.8. The Quality of Nucleotide Sequencing Output

The sequencing data output revealed that the average number of paired-end raw reads (raw PE)
per sample was 203,341 (Supplemental data Table 2). After retrieving the raw reads to obtain the
effective reads (Nochime), 161,046 reads were finally retained, and the average length was 417
nucleotides.

3.9. Bacterial Species Present in the Samples Were Almost Detected and Analyzed

The Shannon refraction curve analysis (Figure 5) revealed that the number of sequence reads
increased, but the observed amplicon sequence variants (ASVs) became flattened, indicating that
nearly all bacterial species in all samples have been captured and sequenced, and thus, the
sequencing results can be reliable and accurate.
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3.10. Crude Polysaccharides Altered the Diversity of Gut Microbiota

The rank abundance curves analysis (Figure 6) demonstrates the diversity (species richness and
evenness) of gut microbiota within the treatment groups. The species richness represents the total
number of species, while the species evenness represents the distribution of individuals among
species. After 24 h of fermentation, the reference prebiotic GOS (GOS.24h) treatment had the lowest
value of species rank compared to other treatments, indicating the dominance of the fewest bacterial
species in the sample. Similarly, the variety of bacterial species was less in the groups treated with
LP (LP.24h) and LS (LS.24h) after 24 hours of fermentation compared to the samples taken before
fermentation (0 h). Additionally, the alpha indices (Chaol and Observed feature, which count all
species including rare ones, and Shannon and Simpson, which measure how diverse the community
is) are displayed in Figure 7. It was demonstrated that the number of bacterial species was slightly
lowered after fermentation with crude polysaccharides LP and LS (Figure 7, a and b), but this
decrease was not significant (p > 0.05). The evenness of the bacterial species was statistically
significantly lowered after fermentation (Figure 7, c and d), indicating that LP and LS supported the
growth of some specific bacterial species.
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Figure 6. The species rank abundance curve. The relative abundance of each species is plotted against their rank

order.
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alpha diversity index value. The Kruskal-Wallis test carried out the statistical analysis. The significant

differences of p < 0.05 and p <0.01 are indicated by *and **, respectively.

3.11. Beta Diversity Analysis Shows a Clear Distinction of Treatment Groups

The principal component analysis (PCA) (Figure 8, a) showed that the treatments could be
divided into three main groups: group 1 included the treatments LP.24h and LS.24h, group 2 included
the treatments BL, LP.Oh, LS.0h, GOS.0h, mConA.Oh, and mConB.0Oh, and group 3 included the
treatments mConA.24h and mConB.24h. The GOS.24h treatment group was clearly different from
the other groups, but it was most similar to group 1. This is similar to the analysis by principal
coordinates analysis (PCoA) based on the weighted UniFrac distance, which also demonstrated the
clear distinction between the treatments (Figure 8, b). Based on the Unweighted Pair-group Method
with Arithmetic Mean (UPGMA), which was used to generate the cluster tree of the treatment groups,
it was revealed that three major groups can be distinguished using the properties of species
composition and structure (Figure 9). Thus, it could be indicated that there are significant differences
in microbial community composition between the treatments, suggesting that crude polysaccharides
(LP and LS) treatment has a notable impact on the gut microbiota.
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3.12. Effect of Crude Polysaccharides LP and LS on the Fecal Gut Bacteriome at Different Taxonomy Levels

The impact of crude polysaccharides LS and LP on the fecal gut bacteriome at three taxonomy
levels, including phylum, family, and genus, is described in this report. At the phylum level (Figure
10, a), it was revealed that the top 5 bacterial phyla, including Firmicutes, Bacteroidota, Actinobacteriota,
Fusobacteriota, and Proteobacteria, were found in all treatments. A comparison of the bacterial growth
at 0 h and 24 h of fermentation showed that the crude polysaccharide LP greatly increased the growth
of the bacterial groups Actinobacteriota, Fusobacteriota, Proteobacteria, and Desulfobacteriota (p < 0.05),
but it significantly decreased the number of bacteria in the group Firmicutes (p <0.01). This was agreed
upon with the fecal fermentation with LS. The phylum of Bacteroidota was slightly reduced after
fermentation with LP, but it was the opposite in the case of LS. While the reference prebiotic GOS
showed a strong promotion of the growth of bacteria in the phyla Firmicutes and Actinobacteriota, but
a reduction of the phyla Fusobacteriota, Proteobacteria, and Desulfobacteriota was observed;
unfortunately, the statistical measurement could not be performed due to insufficient sample size of
the GOS sample group. Moreover, it was revealed that in the control groups, both mConA (the use
of sterile distilled water instead of crude polysaccharides) and mConB (the solid residue of the control
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tube in the simulated gastrointestinal tract digestion) also increased the growth of bacteria in the
Fusobacteriota and Proteobacteria phyla by a significant amount (p < 0.05). The value of relative
abundance in the phylum taxonomy level is shown in supplemental data_Table3.

At the family level (Figure 10, b), both crude polysaccharides LS and LP promoted the growth
of bacteria at similar family taxa. The major bacterial families that were found in all treatments
included Prevotellaceae, Selenomonadaceae, Fusobacteriaceae, Lachnospiraceae, Bifidobacteriaceae,
Veillonellaceae, Bacteroidaceae, Ruminococcaceae, Coriobacteriaceae, and Peptostreptococcaceae. Compared
to the beginning of fermentation (0 h), both the LS.24h and LP.24h showed a notable rise (p < 0.05) in
the number of bacteria belonging to the families Bacteroidaceae, Fusobacteriaceae, Tannerellaceae,
Sutterellaceae, Veillonellaceae, and Bifidobacteriaceae. On the other hand, a significant decrease (p < 0.05)
was observed in the families Prevotellaceae, Selenomonadaceae, Lachnospiraceae, and Ruminococcaceae.
The GOS.24h sample group exhibited a notable rise in bacteria from the families Selenomonadaceae,
Bifidobacteriaceae, Veillonellaceae, and Bacteroidaceae. However, there was also a decrease in the families
Prevotellaceae, Fusobacteriaceae, and Lachnospiraceae. The value of relative abundance in family
taxonomy level is shown in supplemental data_Table4.

Figure 10c exhibits the variations in the bacterial genera of the different treatments at 0 h and 24
h after the in vitro fermentation. The LP treatment of 24 h fermentation (LP.24h) showed the
stimulation of the growth of bacterial genera of Bacteroides, Parabacteroides, Fusobacterium,
Paraprevotella, and Sutterella, which were significantly higher (p < 0.01) than that of LP.Oh. While the
genera Prevotella_9, Megamonas, Faecalibacterium, and Blautia were significantly decreased (p < 0.05).
These results were similar to the LS treatment group. Comparing the variation of bacterial genera
within the GOS treatment group, it was demonstrated that the genera Bifidobacterium, Megamonas,
and Megasphaera were strongly increased after 24 h fermentation (GOS.24h), while the Prevotella_9
was clearly reduced. The value of relative abundance at the genus taxonomy level is shown in
supplemental data_Table5.
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Figure 10. Bacterial taxonomy profiling in the phylum (A), family (B), and genus (C) levels in the sample groups.
The Y-axis represents “Relative Abundance,” and the X-axis represents “Sample Name.”. “Others” represents a

total relative abundance of the rest of the phyla besides the top 10 phyla.

3.13. Crude Polysaccharides Reduced the Ratio of Firmicutes/Bacteroidetes and Blautia/Bacteroides

At the phylum level, following fermentation, there was a significant reduction in the abundance
of Firmicutes in both the LP and LS treatment group# (p < 0.001 for LP; p < 0.05 for LS), whereas the

abundance of Bacteroidetes exhibited a modest increase, although this change was not statistically
significant. And when considering the Firmicutes/Bacteroidetes ratio, it was found that the ratio
decreased in both treatment groups (Figure 14, a). This is the same with the Blautia/Bacteroides ratio
at the genus level. The level of abundance of Blautia was decreased, although the reduction is not
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statistically significant compared to the 0 h fermentation. Moreover, the Blautia/Bacteroides ratio
decreased in both the treatment group after 24 h of fermentation compared to the 0 h group (Figure

14, b).
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Figure 14. The ratio of Firmicutes/Bacteroidetes (a) and Blautia/Bacteroides (b). The X-axis represents the type of

crude polysaccharide, LS or LP. The Y-axis represents the ratio value.

3.14. Changing of pH after the Fermentation

As shown in Figure 15, the initial pH value of all treatments was approximately 7.20. The
treatment groups LS.24h and LP.24h showed a significant reduction in pH. The average pH values
in the LS.24h and LP.24h groups were 5.73 and 5.78, respectively. While the GOS.24h treatment
group had an average pH value of 4.77, the control groups mConA and mConB showed a slight
decrease in pH, averaging 7.11 and 7.09, respectively.
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Figure 15. Change of pH in each treatment group at 0 and 24 h after fermentation.

4. Discussion

Since the emergence of knowledge about the microbiota and microbiome, which has led to an
understanding of the role of the human gut microbiome in health and diseases [32,33]. The term
microbiome encompasses the community of bacteria (bacteriome), eukaryotes (eukaryome), and
viruses (virome). Of these, the bacteriome has been the most intensively investigated in their role in
human health, as they are the most abundant microorganisms inhabiting the human gastrointestinal
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tract [34]. It has been found that the imbalance of gut microbiota, termed “dysbiosis”, leads to causing
various diseases such as hypertension [35], obesity [36], cancers [37], inflammatory bowel diseases
[38], and type 2 diabetes [39]. Thus, the restoration of gut microbiota into a healthy state, especially
increasing the beneficial microbes, is a reasonable therapeutic approach.

Recently, it has been found that the polysaccharide extracted from edible mushrooms such as P.
eryngii [12], T. fuciformis [13], A. bisporus [14], and H. erinaceus [40] had a beneficial influence on gut
microbial composition. Leading to our study, two mushroom mycelium isolates, named PB1 and LP1,
are from our wild mushrooms mycelium collection. These two isolates have been initially identified
in the genus Lentinus spp. based on their fruiting body appearance. But discrimination of the species
has not yet been done, due to the high similarity of their fruiting bodies and mycelium morphology
within the genus. Thus, molecular identification techniques offer not only a more accurate and
reliable approach but also address the shortcomings of traditional methods and enhance safety and
quality in mushroom consumption and commerce [17]. Based on the PCR technique to amplify the
285 rRNA gene, and followed by nucleotide sequencing and analysis, it was revealed that the
mushroom isolates PB1 and LP1 could be identified as Lentinus squarrosulus and Lentinus polychrous,
respectively. This result is consistent with the phylogenetic analysis. Thus, the strains of PB1 and LP1
were then designated as Lentinus squarrosulus PB1 and Lentinus polychrous LP1.

For future downstream applications, producing a sufficient quantity of specific mushrooms
(fruiting bodies) is essential. Compared to cultivated mushrooms, it has been reported that wild
edible mushrooms have a higher quantity of nutritional content, flavors, and medicine-associated
compounds [41], but their consistency quality depends on the exposed environment, leading to the
uncontrollability of the consistency cultivation. For these reasons, cultivation of mushrooms in the
more controllable systems, such as in a greenhouse, is an alternative strategy to ensure the consistent
quality and sufficient amount of mushrooms. Our study demonstrated the use the plastic bag-based
method and cultivation in a greenhouse of the L. squarrosulus PB1 and L. polychrous LP1. This method
requires minimal equipment and space and can be done indoors without specialized climate control,
thus leading to possibility of gaining the production mass of mushrooms. Our result demonstrated
that the mushrooms could be harvested within 2 weeks after inoculation. This method has been
successfully applied for cultivating medicinal mushrooms such as Lentinula edodes (Shiitake) [42],
Ganoderma lucidum (Reishi) [43], and Auricularia polytricha [44]. However, the comparison of the
nutrition and other compounds composed in both wild and cultivated mushrooms was not
determined in the present study.

Numerous research publications have thoroughly explored the bioactive chemicals found in
edible mushrooms exhibiting a range of health-promoting properties such as anti-cancer [45], anti-
viral activities [46], antioxidant activity [47,48], and alleviating the severity of inflammatory bowel
disease by modifying the gut microbiota [49]. Polysaccharides from edible mushrooms can be
extracted using various methods, of which hot water extraction (HWE) is the most common due to
its simplicity and effectiveness [50]. Studies have demonstrated that optimizing HWE conditions
could enhance the yield of polysaccharide extracts, particularly through increased agitation [51],
increasing the temperature, and extending the fermentation period [52]. Our result showed that
adding the sonication step in an earlier step of the HWE method could enhance the extraction yield
of crude polysaccharide extracted from L. squarrosulus PB1 and L. polychrous LP1, which were slightly
higher than our previous report [19], indicating that the sonicating force had affected the
enhancement of yields compared to conventional HWE methods. In addition to the polysaccharide,
the phenolic compound was the attractive compound for determination, as it usually contributes to
a range of health benefits, particularly antioxidation [23]. Our result showed that crude
polysaccharides LS and LP contained phenolic compounds at a comparable concentration with
previous reports [53]. Thus, the cultivated mushrooms, including L. squarrosulus and L. polychrous,
are good sources of not only polysaccharides but also phenolic compounds, which can be further
evaluated for their bioactive function.
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Currently, there is an exponentially growing interest in evaluating the impact of mushroom-
derived polysaccharides on the human gut microbiome, revealing their potential to enhance health
through various mechanisms. In addition, the initial process of testing the fermentation of
polysaccharide extracts with microorganisms in human feces involved subjecting the extracts to
simulated human gastrointestinal digestion conditions, including the oral cavity, stomach, and
intestines. This simulation realistically mimics the food intake process in the body. Previous studies
have tested simulated gastrointestinal digestion before examining the fermentation, such as the
polysaccharide extracts from Helicteres angustifolia L. [54], Volvariella volvacea [55], and Oudemansiella
radicata [56]. These studies showed that the upper human gastrointestinal conditions did not affect
the structure of the polysaccharide extracts from mushrooms, indicating the potential prebiotic
properties of these polysaccharides. This method was employed in the present study. The
polysaccharides LS and LP were subjected to the simulated human gastrointestinal digestion
conditions. The digested product, supernatant, and solid phase were sequentially utilized in the
fermentation process. However, the effect of this simulated digestion on the prebiotic properties of
both polysaccharide LS and LP was not assessed throughout our study. This was one limitation in
the present study.

The result of the metagenomic sequencing of the 165 rRNA gene of the samples revealed that
the number of effective reads had the average length of 417 nucleotides. which was reflected in the
length of the nucleotide sequence in the V3-V4 region (400-500 nucleotides) of general bacteria [57].
Thus, these sequencing outputs had an acceptable quality to be further analyzed and interpreted.
According to the principal performance, the short-read sequencing technique is reliable and
confident at the lowest taxonomy of the genus level [58], thus, taxonomic profiling of phylum, family,
and genus are described in this study. After the in vitro batch fermentation, it was demonstrated that
crude polysaccharides LP and LS led to a significant shift in the gut bacteriome composition. The
rank abundance curves and alpha diversity indices indicated a reduction in bacterial diversity,
especially the reduction of the species evenness value, which indicated that the polysaccharides LP
and LS specifically supported the growth of some bacterial species as the dominant bacteria. These
findings aligned with previous research suggesting that dietary polysaccharides can influence
microbiome composition by supporting specific bacterial growth while suppressing certain taxa [59].

Analysis of the bacteriome-modulating property of crude polysaccharides LS and LP at the
phylum level revealed that both crude polysaccharides LS and LP supported the growth of similar
bacteria phyla. Of these, the phyla Firmicutes, Bacteroidota, Actinobacteriota, Fusobacteriota, and
Proteobacteria were predomination. This might be explained by our previous report that both crude
polysaccharide LS and LP had the similar sugar content, fucose was the highest composition [19].
This was in agreement with the previous study, which demonstrated that the major monosaccharides
found in the crude polysaccharide of L. squarrosulus extracted by HWE were galactose, D-glucose, D-
mannose, xylose, and fucose. However, the polysaccharide structure affecting the microbial gut
diversity has not been discussed in any reports.

Compared to other treatment groups after fermentation, the phylum Bacteroidota and
Fusobacteriota were relatively more abundant in the LP and LS treatment groups. This taxonomy
profile was similar at the family and genus level, where the bacterial members of those two phyla
were predominant. This was in concordance with previous reports on the polysaccharide from the
mushroom. Volvariella volvacea [60] and Boletus auripes [61] promoted the growth of Bacteriodes. The
phylum Bacteroidota (formerly Bacteroidetes) is one of the major bacterial phyla in the human gut
microbiome and has an important role in complex polysaccharide digestion [62,63]. Many Bacteroidota
species, such as Bacteroides thetaiotaomicron [64] and Bacteroides uniformis [65], were shown to be the
primary bacteria for breaking down mushroom carbohydrates in the human gut. This could be the
reason for the predominance of these bacteria in the LP and LS treatment groups.

In addition to the genus Bacteriodes, the genus Parabacteriodes, one of members of the phylum
Bacteroidota, was also increased after fermentation with crude polysaccharides LS and LP. Recent
studies have demonstrated that Parabacteroides species were predominant bacteria in fermenting
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mushroom-derived polysaccharides such as Tremella fuciformis [66], Flammulina velutipes [67], and
Wolfiporia cocos [68]. Some certain species within the genus Parabacteroides have demonstrated
probiotic potential, particularly Parabacteroides distasonis and Parabacteroides goldsteinii. It has been
shown the therapeutic potential of these species for arthritis [69], colitis [70], and obesity [71]. This
evidences support the use of this species as a next-generation probiotic.

It is not surprising that in the GOS treatment group, the beneficial bacteria, especially the
Bifidobacterium species, was significantly increased compared to other treatment groups. This is due
to the prebiotic properties of GOS that selectively support the growth of bifidobacteria [72]. Thus, in
various formulations of synbiotics, GOS is often included as one of ingredients. As mentioned
previously, the phylum Fusobacteriota also increased in LP and LS treatment groups. These bacterial
phyla live in the human gastrointestinal tract, especially the oral cavity, as commensal residents [73].
Many documentations reported that this bacteria, especially the certain species Fusobacterium
nucleatum, related to the pathogenesis of various types of cancer, especially colorectal cancer [74,75].
However, it is unclear that this bacterium is an initially causative pathogen for cancers. This might
be our interesting research topic to elucidate the association between mushroom polysaccharide and
cancer disease progression.

In addition to the increase of the Bacteroidota phylum, the phylum Firmicutes was reduced in the
LP and LS treatment groups compared to other groups. This phylum consists of bacteria that are
recognized as beneficial bacteria, such as the family of Lactobacillaceae, and harmful bacteria such as
the family of Clostridiaceae. It has been reported that the Firmicutes-to-Bacteroidota (F/B) ratio in the
gut is often related to specific health conditions, such as a high F/B ratio, which has been linked to
obesity and metabolic syndrome [76]. Our result showed that the F/B ratio was decreased in both the
LS and LP treatment groups. This was the same with the Blautia-to-Bacteroides (Bla/Bac) ratio at the
genus level. The reduction of the Bla/Bac ratio was found in both the LS and LP treatment groups.
Since it has been demonstrated that the Bla/Bac ratio was positively correlated with the obesity
patients [77]. Thus, based on our result, it could be remarking on the potential application of crude
polysaccharide LS and LP for the restoration of gut microbiota in a specific health condition.

The pH value in GOS treatment was significantly low compared to the 0 h fermentation. This
was similar with the LS and LP treatment groups. These changes might be reflected in that SCFA and
other organic compounds produced via the fermentation process. However, there is currently
insufficient evidence to conclude that pH changes during the fecal fermentation of mushroom
polysaccharides can control pathogenic bacteria. Further research is needed to explore this potential
interaction within the human gut microbiome.

5. Conclusions

In conclusion, two edible mushrooms, Lentinus squarrosulus PB1 and Lentinus polychrous LP1,
have been successfully identified at the species level by molecular methods. The crude
polysaccharide was extracted, characterized, and used as a substrate for in vitro batch fermentation
by fecal microbiota. These crude polysaccharides preferentially enhanced the population of bacteria
in the phylum Bacteroidota, especially the genera of Bacteroides spp. and Parabacteroides spp. These two
bacteria are being characterized as next-generation probiotics. However, the phylum Fusobacteriota, a
potentially harmful bacterium, also increased after the fermentation with those two polysaccharides.
Therefore, there is an opportunity for in-depth studies to elucidate the potential polysaccharide in an
altering gut bacteriome in another model, such as in a human group who are staying with a certain
disease.
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