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Abstract

Macrocybe crassa (or Tricholoma crassum) is a nutrient-dense wild edible mushroom native to Thailand. The mushroom
extract and its constituents have remarkable biological characteristics, but the influence of the powder on the human gut
microbiota is unknown. This study investigated the bioactive composition and modulatory properties of M. crassa powder
on gut microbial composition and short-chain fatty acids (SCFA) production. The fermentation of M. crassa powder by
human intestinal microbiota released SCFA, mainly acetic acid, propionic acid and butyric acid. M. crassa powder sig-
nificantly modulated the microbiota by increasing the relative abundances of Bifidobacterium, Lactobacillus/Enterococcus
group, Afopobium, Bacteroidaceael/Prevotellaceae, and C. coccoides. F. prausnitzii, Roseburia genus, C. histolyticum and
C. cluster IX, similar to that of Fructooligosaccharides (FOS). With M. crassa powder, high content of propionic acid was
observed, as well as a number of Bacteroidaceae/Prevotellaceae and C. cluster IX. On the other hand, FOS caused a high
acetic acid concentration and a population of Bifidobacterium spp., Atopobium cluster, BacteroidaceaelPrevotellaceae, and
C. coccoides. Therefore, this work will significantly contribute to filling the knowledge gap and revealing the significance

of M. crassa in the pharmaceutical industry.

Keywords Tricholoma crassum - Prebiotic - Short-chain fatty acid - Gut microbiota

Introduction

Edible mushrooms consumed for centuries as food and
medicine. Recent studies have shown that mushrooms and
their extracts have both therapeutic and prebiotic proper-
ties (Mahdavi et al. 2021; Ruthes et al. 2021). Indigestible
polysaccharides such as pleuran, lentinan, schizophyllan,
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and p-glucans are major components of mushrooms that
play a prebiotic role (Liu et al. 2020; Singdevsachan et al.
2016). Additionally, the gut microbiota may be impacted by
other food components like proteins (Madsen et al. 2017), or
phenolic and phenolic fibre-rich fractions (Loo et al. 2020),
but less is known about the prebiotic properties of entire
mushroom powder derived from the fruiting bodies. It is
now clear that there are significant differences in bioactivi-
ties between mixed and purified compounds. The synergistic
effect of a mixture of active constituents in mixed forms
such as in a mushroom powder can provide an alternative
to the concept of one drug > one target > one disease (Liu
et al. 2018). Several studies have demonstrated a similar
concept for the development of natural prebiotics from crude
polysaccharides found in mushrooms (Hussain et al. 2022).
White button (WB) mushrooms (Agaricus bisporus) had a
prebiotic effect on both the bacteria metabolism and the host.
WB feeding caused changes in the microbiota, including
an increase in Bacteroidetes phyla members, particularly
Prevotella bacteria, which are known to produce propi-
onic and succinic acid (Tian et al. 2018). Also, P. ostreatus
mushroom-powder treatments improved gut microbiota and
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short-chain fatty acids (SCFA) production (Koutrotsios et al.
2019). According to Ayimbila et al. most of the Lentinus
squarrosulus powder evaded digestion under simulated gas-
tric and intestinal conditions, and the resistant hydrolysate
decreased the Firmicutes/Bacteroidetes ratio and increased
the number of essential immunomodulation bacteria (Ayim-
bila et al. 2022). Owing to these mushrooms are considered
next-generation healthy food components.

Macrocybe crassa or Tricholoma crassum is a wild, edi-
ble mushroom native to south and southeast Asia. It has a
large fruit body with a fleshy texture and a delicious taste,
for which it is highly regarded. It is consumed in significant
amounts, for example, consumption in West Bengal was
estimated at approximately 3.9 tons annually (Ghosh and
Acharya 2022). M. crassa is known in Thailand by a vari-
ety of names, including Hed-Tean-Rad (northeast), Hed-Jan
(north), Hed-Hua-Sum (south), and Hed Yai or Hed-Tub-
Tao-Khao (central) (Inyod et al. 2017; Verma et al. 2017).
Similar to other mushrooms, M. crassa has a high nutritional
value (Inyod et al. 2016; Payapanon and Srijumpa 2008),
and has attracted attention for its pharmacological proper-
ties. Methanolic extracts indicated a potential for biomol-
ecule isolation interesting in the treatment of breast cancer
(Koutrotsios et al. 2019), and its fruiting bodies contain bio-
logical agents such as selenium (Se), which can prevent and
reduce the risk of cancer, especially prostate cancer (Saranya
et al. 2022). Mushrooms are well-known for their low-fat
content, high-quality proteins, dietary fibre, and the presence
of nutraceuticals, which are essential for improving host
health and well-being. Edible mushrooms are increasingly
being used as functional food ingredients to harness nutri-
tional, bioactive, and medicinal properties (Das et al. 2021).
However, data on the potential use of M. crassa for prebiotic
applications are limited. Prebiotics are microbiota-shaping
compounds that act as a carbon source for the growth of
beneficial taxa, delivering a specific or selective change that
confers host health related to metabolism (Swanson et al.
2020). The International Scientific Association of Probiot-
ics and Prebiotics (ISAPP) defines prebiotics as “a substrate
that is selectively utilized by host bacteria imparting a health
advantage” (Gibson et al. 2017).

Fructooligosaccharides (FOS), inulin, lactulose and
galactooligosaccharides are universally agreed-upon prebi-
otics (Carlson et al. 2018), which show high fermentability
by colonic microbiota related to health benefits. The colonic
fermentation of mushroom components thereof, can syner-
gistically stimulate the growth of health-promoting microor-
ganisms and decrease the abundance of opportunistic patho-
gens, and directly or indirectly improve immune responses
through the modulation of the gut microbiota and releasing
of short-chain fatty acids (SCFA) (Ma et al. 2017; Ruthes
et al. 2021). Lactic acid and SCFA can supply energy to the
colonic epithelium, affect cholesterol and lipid metabolism,
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decrease pathogenic intestinal bacteria, and modulate the
immune system (Gibson et al. 2010). The effect of L. squar-
rosulus powder hydrolysate on the development of benefi-
cial bacteria and the formation of SCFA and branched-chain
fatty acids (BCFA) may be due to carbohydrate and protein
fraction fermentation (Ayimbila et al. 2022). Certain types
of dietary fibre, particularly indigestible oligosaccharides,
have been studied for their ability to stimulate the growth
and/or activity of beneficial gut bacteria such as bifidobac-
teria and lactobacilli while inhibiting the development of
Clostridium histolyticum, resulting in a concomitant posi-
tive effect on colonic health (Gibson et al. 2010; Kang et al.
2022). This has sparked a keen interest in the discovery of
new mushrooms with potential prebiotic properties. Most of
the research on mushrooms and their prebiotic properties has
involved mushroom extracts rather than whole mushrooms
in food form (You et al. 2022). For this reason, an under-
standing of the prebiotic benefits of mushrooms as a whole,
natural food is still needed. The whole mushroom powder
consists of polysaccharides, proteins and phenols that may
offer a synergistic effect in the gut. Because the large intes-
tine is where most gut fermentations occur (Das et al. 2021),
it can be targeted to fully reveal the prebiotic properties via
synergistic effects of mushroom components. As a result,
mushroom powder can be utilized as a functional ingredient
in the form of a capsule or tablet or add to stir-fries, soups
or shake it up in smoothies. Therefore, this work focused on
potential prebiotic effects of M. crassa powder as indicated
by SCFA production and modulation of the gut microbial
composition. To the best of our knowledge, no research has
been conducted on the influence of M. crassa powder on
gut microbial ecology to validate and solidify the biological
potential of this mushroom for use as a functional food and
bioactive component source.

Materials and methods
Materials

Two different types of carbohydrate materials (mushroom
powder and Fructooligosaccharides; FOS) and negative con-
trol were used as substrates in batch cultures. M. crassa was
cultivated on spent mushroom compost, fine rice bran and
fine seed corn at a ratio of 80:15:5, yielding 237 g of fresh
fruit bodies per 600 g substrate. The mushroom powder was
prepared from dried fruit bodies of M. crassa by grinding,
blending and sieving to collect particles of < 0.5 mm. The
fructooligosaccharide (FOS, Orafti® P95, Beneo, Tienen,
Belgium) was used as a prebiotic reference. Sigma Labora-
tories Gillingham, Dorset, United Kingdom) supplied all of
the reagents and chemicals used in this study.
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Nutritional analysis

The nutritional components of mushroom powder were
analysed at the Thailand Institute of Scientific and Techno-
logical Research (TISTR). The carbohydrate, protein, fat,
crude fibre, and ash contents were determined using standard
methods (AOAC 1995; Manzi et al. 2001). Minerals were
analysed using atomic absorption spectrophotometry (Wil-
lard et al. 1988), and total phosphorus was analysed using
the phosphorus-vanadomolybdate method (Munson and
Nelson 1990). The Mushroom and Yeast Glucan Assay Kit
(K-YBGL 09/2009; Megazyme International Ireland Ltd.;
Bray, County Wicklow, Ireland) was used to determine the
glucan content in mushroom powder. The total phenolic con-
tent was determined using the Folin—Ciocalteu method (Li
et al. 2020) and the data obtained were expressed as mg/g of
gallic acid equivalents (GAE) in milligrams per gram (mg
GAE/g) of dry sample.

Faecal inocula

Fresh human faecal samples were collected from four
healthy human volunteers (average age 30—45 years; three
females, one male) who had not taken any prebiotics or
antibiotics in the three months leading up to the study. The
samples were homogenized in a stomacher (model 6041;
Seward Scientific, UK) for 2 min at normal speed after being
diluted 1:10 (w/w) in anaerobic 0.1 M phosphate buffered
saline (pH 7.0).

In vitro fermentations

The batch-culture fermentation systems were set up in ster-
ile vessels. Each vessel contained 45 mL of sterile basal
medium (peptone water 2 g/L. (Oxoid), yeast extract 2 g/L.
(Oxoid), NaCl1 0-1 g/L, K,HPO, 0-04 g/L, KH,PO, 0-04 g/L,
MgS0,.7H,0 0-01 g/L, CaCl,.6H,0 0-01 g/L, NaHCO,

Table 1 Oligonucleotide probes for 16S ribosomal RNA used in the study

2 g/, Tween-80 2 mL (BDH), haemin 0-05 g/L, vitamin
K1 10 mL, cysteine. HCI 0-5 g/L, bile salts 0-5 g/L, pH
7-0), and was pre-reduced overnight with oxygen-free nitro-
gen (15 mL/min). The pH was maintained between 6.7 and
6.9 using a pH controller, and the temperature was kept at
37 °C (Fermac 260; Electrolab, Tewkesbury, UK). The final
sample concentration in the vessel supplemented with mush-
room powder and FOS (positive control) was 1% (w/v) in a
50 mL working volume (0.5 g). A vessel containing basal
medium was used as a negative control group. Each batch
culture was inoculated with 5 mL of fresh faecal slurry to
give a final concentration of 10% (w/w). The batch reactors
were maintained at 37 °C, and 5-mL samples were taken
after 0, 10, 24 and 34 h to enumerate bacteria by fluorescent
in situ hybridization and analyse short-chain fatty acids.
Independent duplicates of these fermentations were per-
formed for different donors.

Bacterial enumeration

Fluorescent in situ hybridization with 16S Ribosomal
RNA (rRNA) probes were used to assess human fae-
cal bacterial populations. These probes were synthesized
commercially and labelled with the fluorescent dye Cy3
for identification (supplied by Eurogentec Ltd., UK). The
selected 16S rRNA probes were specific for the Bifidobac-
teria group, LactobacillilEnterococci group, Atopobium
cluster, Bacteroides/Prevotella group, Clostridium histol-
yticum group and Eubacterium rectale group. The probes
used were Bif164, Lab158, Ato291, Bac303, Chis150,
Prop853, Erec482, Rrec584 and Fra655 (Table 1). Total
bacterial counts were performed using the nucleic acid stain
4',6-diamidino-2-phenylindole (DAPI). Fermentation sam-
ples (375 pL) were fixed for 4 h (4 °C) in 1125 pL of filtered
4% (w/v) paraformaldehyde at each sampling time. Fixed
cells were centrifuged at 13,000g for 5 min and washed
twice in 1 mL of filter-sterilized PBS. Washed cells were

Probe name Specificity

Sequence (5'-3") References

Bif164 Bifidobacterium spp.

Lab158 Lactobacillus—Enterococcus group

Bac303 Most Bacteroidaceae and Prevotellaceae, some Porphy-
romonadaceae

Ato291 Atopobium cluster

Chis150 Most of the Clostridium histolyticum group (Clostridium
clusters 1 and 1I)

Erec482 Most of the Clostridium coccoides—Eubacterium rectale
group (Clostridium clusters XIVa and XIVb)

Rrec584 Roseburia genus

Fpra655 Faecalibacterium prausnitzii and relatives

Prop853 Clostridium cluster IX

CAT CCG GCA TTA CCA CCC Langendijk et al. (1995)
GGT ATT AGC AYC TGT TTC CA Harmsen et al. (1999)
CCA ATG TGG GGG ACCTT Manz et al. (1996)
GGT CGG TCT CTC AAC CC Harmsen et al. (2000)

TTA TGC GGT ATT AAT CTY CCT TT Franks et al. (1998)

GCT TCT TAG TCA RGT ACC G Franks et al. (1998)
TCA GAC TTG CCG YAC CGC Walker et al. (2005)
CGC CTA CCT CTG CAC TAC Hold et al. (2003)

ATT GCG TTA ACT CCG GC Walker et al. (2005)
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suspended in 150 pL filtered PBS and 150 L ethanol (99%)
and stored at 20 °C for at least 1 h before further analysis.
Samples (10 pL) were diluted in PBS and 20 pL of the solu-
tion was added to each well of a six-well polytetrafluoro-
ethylene/poly-L-lysine-coated slide (Tekdon Inc., Myakka
City, FL). The samples were dried for 15 min in a drying
chamber (50 °C) and then were dehydrated using alcohol
solutions of 50%, 80%, and 96% ethanol, respectively, for
3 min in each solution. Slides were dried in a drying cham-
ber for 2 min to evaporate ethanol. A hybridization mixture
of 50 uL (consisting of 5 puL probe and 45 pL hybridization
buffer) was added to each well. Hybridization was carried
out at the appropriate temperatures for each probe for 4 h in
a hybridization incubator (Grant-Boekel, Cambridge, UK).
After hybridization, slides were washed in 50 mL of wash-
ing buffer (9 mL of 5 M NaCl, 1 mL of 1 M Tris/HCI (pH
8.0) and 40 mL of deionized water) containing 20 uL DAPI
solution (50 mg/mL) for 15 min, then were dipped in cold
water for a few seconds and dried with compressed air. Five
microliters of ‘antifade’ (Sigma—Aldrich, New Jersey, USA
or Geel, Belgium) were added to each well, and a coverslip
(20 mm; thickness no. 1; VWR, Lutterworth, United King-
dom) was placed on each slide. Slides were examined using
fluorescence microscopy (Eclipse 400; Nikon, Surrey, UK).
At least fifteen random fields were counted on each well.

Short-chain fatty acid analyses

One-milliliter samples were obtained from the batch cul-
ture fermentation and centrifuged at 13,000g for 5 min. The
supernatant was filtered by a 0.22 um filter unit (Millipore)
and 20 pL was injected into a High-Performance Liquid
Chromatography (HPLC) system (Model LaChrom by
Merck Hitachi, Poole, Dorset, UK) equipped with a pump
(L-7100), a refractive index detector (L.-7490), and auto-
sampling (L-7200). The column used was the ion-exclusion
Rezex ROA-Organic Acid H (8%) column (300 % 7.80 mm,;
Phenomenex, Cheshire, UK). Guard columns were Security
Guard Carbo-H+, 4 X3.0-mm cartridges (Phenomenex).
The mobile phase used was 2.5 mM sulfuric acid in HPLC-
grade water. The samples were quantified using calibration
curves of lactic acid, formic acid, acetic acid, propionic acid,
and butyric acid at concentrations of 12.5, 25, 50, 75, and
100 mM, and the results were expressed in mmol/L.

Statistical analysis

The differences between bacterial numbers and SCFA pro-
duction at 0, 10, 24 and 34 h of fermentation for each batch
culture were checked for significance by the paired ¢-test.
The differences were considered significant when P <0.05
and calculations were done with SPSS for Windows (version
21.0; SPSS, Inc.). One-way ANOVA and post hoc Tukey’s
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tests were used to determine significant differences in sub-
strates used on bacterial group population and SCFA. All
bacterial population and metabolite data (Log10 cell/mL)
are expressed as the average of four replications (donors)
plus or minus standard deviation.

Results and discussion
Nutritional composition

According to Table 2, M. crassa mushroom powder con-
tained protein (14.3%), carbohydrates (65.3%), fat (4.89%),
ash (11.2%), crude fibre (1.67%), beta (f-) glucans (37.6%)
and moisture (13.6%). The macronutrient composition in
mg per kg dry weight is phosphorus (8600), potassium
(35,300), calcium (433) and sodium (930), and the fol-
lowing micronutrients were analysed (mg/kg dry wt.):
Fe (420), Zn (85.0), Cu (ND) and Mn (1.09). In addition,
the mushroom powder contained phenolic compounds
(4.76 +0.05 mg GAE/g) and its caloric value was 352 kcal/
kg. The nutritional composition of M. crassa was thus com-
parable to other medicinal mushrooms. Dried L. edodes
contains carbohydrates (58-60%), proteins (20-23%), fibre
(9-10%), lipids (3—4%), B-glucans and phenolics (4.32 mg
GAE/g) (in pileus; 20-40% and stipe; 33-58%) (Carrasco-
Gonzalez et al. 2017; Nie et al. 2020). Pleurotus spp. con-
tain carbohydrates (9.4-75.4%), proteins (10-38.5%), fibre
(10.2-20.7%), lipids (0.9-3.5%), f-glucans (25.9-50%) and
phenolics (9.02-17.17 mg GAE/150 g) (Raman et al. 2021),
and Ganoderma fruit bodies are composed of protein, carbo-
hydrate, fat, ash and phenolic compounds ranging between
15.7 and 24.5 g/100 g dw, 73.31 and 81.90 g/100 g, 0.48 and
1.40 g/100 g and 7.6 and 489 ug/100 g, respectively (Obodai
et al. 2017). The fat/lipids content of M. crassa appears to
be higher than for these mushrooms, but it does not exceed
the 6% limit specified by the Food and Drug Administra-
tion (FDA) for low-fat foods (FDA 2013). Polysaccharides
(p-glucans), proteins, lipids, and phenolic compounds make

Table 2 Nutritional composition of M. crassa powder (g/100 g dry
matter)

Composition Content

Moisture 13.6%

Ash 11.2%

Carbohydrates 65.3%

Fat 4.89%

Protein (% N x6.25) 14.3%

p-(1,3-1,6)-glucan 37.6%

Phenolic compounds 4.76+0.05 mg
GAE/g
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up the majority of myco-chemicals, the bioactive compounds
found in mushrooms (Cateni et al. 2021), and M. crassa
revealed excellent amounts of these compounds. Polysac-
charides, especially f-glucans, as well as proteins and phe-
nolics have all been linked to prebiotic and positive health
effects, including anti-cholesterol, anti-cancer, antioxidant,
and immunomodulator properties, among others (Ayimbila
and Keawsompong 2021; Kumar Singh et al. 2019). The
findings revealed that M. crassa powder is a high-nutrient
food with the potential to stimulate gut microbiota.

In vitro colonic fermentation

During long-term competition and evolution, microbes of
the gut became interdependent with the hosts and play an
essential role in health, nutrition, disease, metabolism and
immune homeostasis (Chen et al. 2018). Consuming differ-
ent dietary fibres can selectively alter the composition and/
or activity of the intestinal bacterial flora, which can have
biological significance (Cantu-Jungles et al. 2018). While it
is known that mushrooms contain a variety of biologically
active compounds that can synergistically affect microbiome
composition, most studies have focused on the impact of
isolated carbohydrate fractions rather than the entire com-
position. For this reason, the ability of the entire fruiting
body of M. crassa to stimulate human gut microbiota com-
position was assessed and compared to a negative control
as well as to FOS, a known prebiotic. It is important to note
that before the performance of in vitro fermentations mush-
room powder was submitted to simulated gastrointestinal
digestion because it can be made to consume in a capsule or
tablet form which can escape hydrolysis by gastric acidity
and mammalian enzymes to enable the substrate to reach the
colon and be fermented by intestinal microbiota, meeting
the requirements for a gut modulation effect. Prebiotics are
defined by the International Scientific Association of Pro-
biotics and Prebiotics (ISAPP) as “a substrate that is selec-
tively utilized by host bacteria to confer a health benefit”
(Gibson et al. 2017). The few studies that have evaluated
the prebiotic potential of mushroom powder using in vitro
fermentation have gone through gastrointestinal digestion,
making it difficult to determine the true effectiveness of
whole compounds and multiple different bioactive compo-
nents (Ayimbila et al. 2022; Rodrigues et al. 2016) to make
the whole mushroom beneficial. During the experimental
time course (0, 10, 24, and 34 h), in vitro fermentation of M.
crassa powder at 1% (w/v) modified bacterial populations
(Table 3) and accumulated lactic acid and SCFA (acetic,
propionic, butyric acids) (Table 4) in comparison to well-
established prebiotic FOS (positive control) and medium
without carbon source (negative control). The non-digest-
ible extracts of five M. crassa strains were reported in a
recent study to resist digestion in the stomach and intestine,

suppress pathogenic bacteria, and stimulate the growth of
lactic acid bacteria (Inyod et al. 2022).

As depicted in Table 3, Bifidobacterium populations in
response to all substrates significantly increased at 10 h com-
pared to O h (P <0.01). FOS (8.85+0.03) had the greatest
effect on Bifidobacterium populations after 24 h, followed
by M. crassa powder (8.79 +0.04); however, the impact of
these two substrates on Bifidobacterium populations is statis-
tically comparable, confirming a similar stimulatory effect.
In addition to this, after 10 h of fermentation, the Lacto-
bacillus/Enterococcus group concentrations were compara-
ble between FOS and M. crassa powder, which increased
significantly (P <0.05) when compared to 0 h. The hydro-
lysate of five M. crassa strains extracts potentially decrease
pathogenic bacteria; Shigella DMST 1511, Staphylococcus
aureus TISTR 029, E. coli E010, Salmonella DMST 17,368,
but boost the growth of lactic acid bacteria; Lactobacillus,
Pediococcus and Enterococcus bacteria (Inyod et al. 2022).
In another study, the powder of L. squarrosulus (LP) and its
resistant hydrolysate (RH) improved L. crispatus JCM 5810
and L. crispatus JCM 5810 after 16 h, as well as later fecal
microbiota fermentation of RH, increased the relative abun-
dance of Lactobacillus in at least one volunteer (Ayimbila
et al. 2022). Bifidobacterium and Lactobacillus are two well-
known probiotic bacteria found in the intestine, promoting
human health by modulating the enteric nervous system,
increasing resistance to harmful bacteria, and stimulating
the immune system (Wang et al. 2010; Zhang et al. 2020).

The Atopobium cluster increased significantly (P <0.05)
between 10 and 34 h of fermentation with FOS and M.
crassa powder. Increased Atopobium abundance was found
to have a negative correlation with the inflammation mark-
ers hs-CRP and BMI, and a positive correlation with HDL
cholesterol, suggesting that it may play a role in the preva-
lence of T2DM (Sato et al. 2014). Another study found that
increasing Atopobium could be one of the underlying mecha-
nisms of Rifaximin-induced bowel inflammation reduction
(Maccaferri et al. 2010).

FOS and M. crassa powder significantly increased the
BacteroidaceaelPrevotellaceae group (P <0.01) between
10 and 34 h of fermentation. FOS recorded the highest
impact on the Bacteroidaceae/Prevotellaceae group at
10 h, but from 24 to 34 h of fermentation, it was statisti-
cally comparable to M. crassa powder. Obesity and meta-
bolic disturbances have been linked to low Bacteroidacea
e/Prevotellaceae prevalence in rural Mexican school-aged
children (Aguilar et al. 2020). Similarly, according to the
BMI z-score, there was a decrease in Bacteroidaceae in
children who were obese (Riva et al. 2017). These genera
are known to vary substantially depending on the nature of
the diet. Bacteroides and Prevotella genera are organisms
that can grow on a variety of different substrates and are
major producers of propionic acid. Propionic generation is
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Table 3 Changes in the bacterial population (log 10 cell/mL) in batch cultures after 0, 10, 24 and 34 h of incubation with different substrates

Probe Time (h) Bacterial population (log 10 cells/mL)*
Mushroom powder Negative control FOS
Bif164 (Bifidobacterium spp.) 0 8.15+0.09 8.15+0.09 8.15+0.09
10 8.74+0.01" 8.36+0.13" 8.80+0.01°™
24 8.79 +£0.04% 8.45+0.09° 8.85+0.03>
34 8.49+0.12% 7.82+0.44 8.54+0.08""
Lab158 (Lactobacillus—Enterococcus group) 0 8.42+0.09 8.42+0.09 8.42+0.09
10 9.06+0.18"™ 8.69 +0.06 9.18+0.06"
24 9.27+0.14>" 8.81+0.13*" 9.38 +0.03>"
34 8.92+0.12"" 8.14 +0.05 8.93+0.25°
At0291 (Atopobium cluster) 0 8.29+0.15 8.29+0.15 8.29+0.15
10 8.63 +0.05"" 8.37+0.12° 8.70+0.09°
24 8.76+0.03%" 8.42+0.11° 8.75+0.08"
34 8.71 +0.06>" 8.20+0.27* 8.69 +0.05%"
Bac303 (Bacteroidaceae) 0 8.34+0.08 8.34+0.08 8.34+0.08
10 8.95+0.09° 8.46+0.12° 9.04+0.18"
24 9.09 +0.05>™ 8.50+0.09* 9.19+0.01°"
34 8.97 +0.09° 8.25+0.06" 9.13+0.01°™
Chis150 (Clostridium histolyticum group) 0 8.14+0.07 8.14+0.07 8.14+0.07
10 8.02+0.34° 7.96+0.28° 7.97 £0.44
24 7.97 +0.34 7.87+0.10° 7.70+£0.34*
34 7.42+0.25"" 7.33+0.23 7.37+0.30°
Erec482 (Clostridium coccoides group) 0 8.51+0.05 8.51+0.05 8.51+0.05
10 8.51+0.49° 8.25+0.26* 8.56+0.44%
24 8.73 +0.34% 8.18+0.28* 8.70+0.25*
34 8.69 +0.29° 7.71+0.23"" 8.41+0.57%
Rrec584 (Roseburia genus) 0 8.09+0.16 8.09+0.16 8.09+0.16
10 7.94+0.36 7.75+0.46% 7.87+0.37°
24 8.08+0.32% 7.56+0.18* 7.95+0.36
34 7.92+0.23% 7.15+0.43" 7.73+0.37°
Fpra655 (Faecalibacterium prausnitzii) 0 8.21+0.06 8.21+0.06 8.21+0.06
10 7.95+0.34° 7.89+0.02" 8.10+0.12°
24 8.06+0.30% 7.71+0.12 8.03+0.28*
34 7.93+0.29* 7.50+0.07*" 7.96 +0.29°
Prop853 (Clostridium cluster IX) 0 7.74+0.19 7.74+0.19 7.74+0.19
10 8.05+0.172 7.59 +0.49° 7.65+0.51°
24 8.09+0.23% 7.38+0.39 7.59 +0.55
34 7.55+0.14° 7.01+0.28" 7.35+0.28%
DAPI (Total bacteria) 0 9.27+0.06 9.27+0.06 9.27+0.06
10 9.68 +0.02™ 9.32+0.03 9.78 +0.02°"
24 9.76 £0.01>" 9.39+0.01*" 9.85+0.02°"
34 9.59+0.03%" 9.03+0.07*" 9.70+0.02°™

abeSignificantly different (P <0.05) between treatments at the same time point

®Mean bacterial count + standard deviations (n=4) **significantly different from the bacteria population at 0 h value, (P <0.01). *Significantly

different from the population at 0 h value, (P <0.05)

substantial by 10, 24, and 34 h fermentation, and of the same
order of magnitude, for M. crassa powder and the positive
control FOS (Table 4). Thus, M. crassa powder may have
similar effects to FOS in terms of promoting Bacteroidace
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aelPrevotellaceae but not propionic generation. The hydro-
lysate of L. squarrosulus powder has recently been shown to
reduce the ratio of Firmicutes/Bacteroidetes while increas-
ing the relative abundance of key immunomodulators such
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Table 4 Concentrations

. . SCFA Time (h) Concentration (mM)
of short-chain fatty acid
produced at different time Mushroom powder Negative control Positive control (FOS)
points fermentation of each
carbohydrate source Acetic acid 0 5.59+0.17 5.36+1.44° 8.72+0.77°
10 30.3+£7.2% 9.87 +4.92° 54.5+9.6°
24 35.5+12.8%" 11.29+5.29° 53.4+18.8%"
34 38.5+16.1%" 10.40+4.1° 51.3+23.8"
Propionic acid 0 0.00+0.00 0.00+0.00 0.00+0.00
10 10.87 +6.18" 2.62+1.54 5.29 +4.49°
24 13.72 +4.35" 2.11+1.46 12.41 +7.19%
34 15.59 +4.51°" 2.64 +1.46 11.83+7.43%®
Butyric acid 0 0.00+0.00° 0.13+0.23* 0.11+0.18?
10 2.38+1.59° 1.05+1.14° 3.51+3.43°
24 3.69 +2.99° 1.66+1.22 10.06 +2.86""
34 4.52+3.00°" 2.01+0.97 10.29 +3.79°
Lactic acid 0 0.69+0.18? 0.35+0.31° 1.57+0.30°
10 7.81+7.71%" 0.30+0.33 15.85+7.68%
24 0.00+0.00" 0.00+0.00 0.00+0.00""
34 0.00+0.00" 0.00+0.00 0.00+0.00"
Formic acid 0 430+1.34° 0.00+0.00* 0.00+0.00*
10 6.10+3.48" 0.00+0.00* 14.80+5.32%
24 0.00+0.00™" 0.27+£0.47* 0.00+0.00*
34 0.00+0.00™" 0.76 +1.31° 0.00+0.00*
Total 0 10.58 +1.22° 5.83+1.15% 10.79 +1.23°
10 57.5+13.6°" 13.92+7.71* 94.0+9.0°"
24 53.0+15.6™" 15.34+6.75* 75.9£23.2
34 58.9+18.6 " 16.11+5.07 73.5+30.1%"

abeGignificantly different (P <0.05) between treatment at the same time point

9Mean SCFA concentration + standard deviations (n=4). **Significantly different 0 h value, (P <0.05),
*significantly different O h value, (P <0.05)

as Bacteroides, Bifidobacterium, Clostridium cluster XIVa
and IV, and Sutterella (Ayimbila et al. 2022).

There were no significant changes between substrates
for the growth of C. histolyticum group, Faecalibacte-
rium prausnitzii, and Roseburia genus, which declined but
remained much higher than the negative control after 34 h
of fermentation (P> 0.05). These essential bacteria must be
preserved in a healthy gut microbiota to carry out regular
physiological processes and avoid the onset of diseases.
These bacteria could be partially maintained using M. crassa
powder and FOS. F. Prausnitzii has a critical role in sup-
plying energy for colonocytes as well as the cooperation of
anti-inflammatory metabolites for intestinal health. As such,
diabetes patients had a deficiency in butyrate-producing
members of the Clostridiales family, such as F. prausnitzii,
in their gut microbiome (Kwan et al. 2022). Also, in dia-
betic Chinese subjects, Roseburia and F. prausnitzii, were
depleted (Zhang et al. 2013). Interestingly, these bacteria
were unable to use M. crassa powder and FOS to growth,
which was in a similar manner. F. prausnitzii strains have
been shown to partially utilise polysaccharides frequently

found in gut (Sun et al. 2022). Nonetheless, F. prausnitzii is
well suited for the intestinal environment, where it may be
cross-fed by the other intestinal microbiota members (Fer-
reira-Halder et al. 2017). FOS and M. crassa powder in the
gut environment may, therefore, have comparable impacts
on the development of these bacteria and their capacity to
provide health benefits.

The Clostridium coccoides group increased significantly
after 10 and 24 h for both substrates, with significant varia-
tions between them (P > 0.05). Remarkably, only M. crassa
powder significantly improved the bacterial count at 34 h.
The occurrence of C. coccoides decreased in both inflamma-
tory bowel diseases (IBD) and ankylosing spondylitis (AS)
(Cardoneanu et al. 2021). All substrates reduced Clostridium
histolyticum levels over the course of fermentation, with no
significant differences except at 34 h. The faecal flora of
autistic spectrum disorders (ASDs) contained a higher inci-
dence of the C. histolyticum group of bacteria than that of
healthy children. Furthermore, members of this group are
toxin producers, and may contribute towards gut dysfunc-
tion, with their metabolic products also exerting systemic
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effects (Parracho et al. 2005). Diet can influence the gut-
brain axis (GBA), and prebiotics such as inulin, blueberry
flavonoids (Sagbasan, 2022), and M. crassa powder may be
useful in supporting these changes. The results also showed
that after 10 h of fermentation between FOS and the mush-
room powder, the Clostridium cluster IX population did not
significantly decline. However, after 34 h, M. crassa powder
caused a significant reduction that was statistically distinct
from both the controls (P> 0.05). It was discovered that
patients with portal hypertension had considerably lower
amounts of Clostridium cluster IX than other patients.
Therefore, M. crassa powder may not have a major impact
on the proliferation of C. cluster IX in the gut.

Because the fermentation of these substrates led to the
generation of acids, five SCFAs such as acetic acid, pro-
pionic acid, butyric acid, lactic acid, and formic acid were
effectively observed (Table 4). After fermentation for 34 h,
the SCFAs concentration in each group (M. crassa powder,
negative control, and positive control (FOS) was noticeably
increased. In comparison to the negative control group,
the total SCFA concentration resulting from bacterial fer-
mentation of M. crassa powder and FOS groups steadily
increased from 10 to 34 h. These results suggest that mush-
room macronutrients and FOS can gradually regulate the
intestinal microenvironment to produce SCFAs, consistent
with previous reports (Chen et al. 2019; Cui et al. 2022; Li
et al. 2019). It is also important to identified that SCFAs
produced in a negative control group were due to protein
consumption by putrefactive bacteria in the faecal micro-
flora, with acetic acid, propionic acid and butyric acid as
the principal fermentation products (Feng et al. 2022). For
M. crassa, the concentrations of acetic acid, propionic acid
and butyric acid were 38.6+16.1 mM and 15.59 +4.51 mM
and 4.52 +3.00 at 24 h, respectively. Propionic acid level in
M. crassa fermentation was likewise substantially greater
than in FOS.

After 34 h, the concentrations of acetic acid induced by
M. crassa powder, negative control and FOS were 38.6,
10.40 and 51.3 mM, respectively. Acetic acid is important
as a source of energy for intestinal microbiota, activate G
protein-coupled GPR41 and GPR43 receptors, which stimu-
late the intestinal microbiota to produce SCFA and adipose-
insulin signalling, accordingly (Kimura et al. 2019). A study
of the gut microbiota and obesity in 499 Chinese peri- and
postmenopausal women found that high level of Bacteroides
fragilis may contribute to obesity by reducing acetic acid
levels (Shen et al. 2022). Therefore, using M. crassa powder
to promote acetic acid level may offer therapeutic targets for
obesity intervention in peri- and post-menopausal women.
Also, propionic acid was shown to effectively reduce the
level of serum cholesterol, regulates blood lipid levels,
improves the sensitivity of insulin tissue, and is immuno-
compromising (Laparra and Sanz 2010). It has been revealed
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that indole-3-propionic acid has a positive impact on host
health due to its anti-inflammatory and ROS-scavenging
properties (Konopelski and Mogilnicka 2022). Additionally,
butyric acid has a number of biological effects, including
maintaining the morphology and function of the intestinal
barrier, as well as anti-cancer and anti-inflammatory effects
(Cox and Blaser 2013). Recent data suggest that butyric acid
released by sweet tea extract (STE) fermentation may be a
key factor in promoting the integrity of the intestinal barrier
in ulcerative colitis (UC) mice (He et al. 2022). Moreover,
the ratio of some SCFAs in the gut enhances host health.
For instance, acetic acid and propionic acid ratio not only
provide the liver and surrounding tissues with energy, but
also inhibit lipogenesis (Di et al. 2018). Importantly, the
ratio of acetic to propionic acid increased considerably after
M. crassa and FOS fermentation for 34 h. This increase has
been shown to inhibit cholesterol and fatty acid synthesis
and regulate blood lipid levels (Clemente et al. 2012). As
a result, the amount of SCFAs in the gut generated by a
dietary intervention is vital for the prevention of numerous
diseases. It was observed that the total SCFA concentra-
tions induced by M. crassa (58.9 + 18.6), negative control
(16.11+0.57), and FOS (73.5 +£30.1) were significantly
different after 34 h. This suggested that M. crassa powder
could be degraded and utilized by the gut microbiota, result-
ing in the production of several SCFAs that could regulate
host's health. A current study was consistent with the result
of Lentinus squarrosulus powder fermentation by human
fecal microbiota that substantial SCFA and some content of
branched chain fatty acids (BCFA) were produced (Ayimbila
et al. 2022). Again, intestinal flora fermented polysaccharide
from Pleurotus eryngii to produce a variety of short-chain
fatty acids (SCFAs), which lowered the pH level in fecal
culture (Ma et al. 2022). Clearly, mushrooms, particularly M.
crassa, provides an essential source of bioactive components
that can regulate SCFAs to prevent or control a variety of
human disorders.

It is well known that certain gut bacteria can stimulate
the growth of others via cross-feeding, resulting in a variety
of fermentation products. Acetate production pathways are
widely distributed among bacterial classes and reach their
peak concentration in the intestinal lumen (Louis and Flint
2017; Saa et al. 2021), unlike propionic acid and butyric acid
pathways, which are more conserved and substrate specific
(Portincasa et al. 2022). Fermentation intermediates such as
lactic acid and formic acid tend to build in faecal fermenta-
tions of rapidly fermented substrates such as FOS. Following
the fermentation of all the substrates, an increased number
of Bifidobacterium spp. and Lactobacillus/Enterococcus
groups were identified (Table 3). Lactic acids produced
by both bifidobacteria and lactobacilli were considerably
higher at 10 h during faecal FOS and M. crassa powder fer-
mentation, showing that these substrates fermented rapidly.
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Similarly, a study found a link between Bifidobacterium spp.
and lactic acid bacteria and lactic acid levels after 10 h of
FOS fermentation, but this relationship was lost afterward
(Prayoonthien et al. 2019). The results indicate that other
bacteria use lactic acid to produce acetic acid, butyric acid,
and propionic acid. Meanwhile, the Bacteroidaceae/Prevo
tellaceae and Clostridium cluster IX are known propionic
acid producers (Madsen et al. 2017), with a trend of increas-
ing numbers of these bacteria along with propionic acid
concentrations, as noticed during M. crassa fermentation
in this study. This shows that M. crassa may trigger propi-
onic acid synthesis more effectively than FOS by increas-
ing the amount of Bacteroidaceael/Prevotellaceae group and
Clostridium cluster IX.

In addition, Clostridium histolyticum counts decreased
while the acetic acid concentration increased after 10 h of
fermentation with all substrates. After 10 h, the populations
of Bifidobacterium spp., Atopobium cluster, Bacteroidaceae/
Prevotellaceae, and C. coccoides increased in correlation
with the concentration of acetic acid. This was most vis-
ible with FOS, followed by the mushroom powder. Hence,
the decrease in Clostridium histolyticum may be associated
with higher acetic acid concentrations (Prayoonthien et al.
2019). Besides, Bifidobacteria can use inulin-type fructans
and intricate carbohydrates to produce acetic acid and lactic
acid via a pathway known as the “bifid shunt” with fructose
6-phosphate phosphoketolase as the central enzyme (De
Vuyst et al. 2014; Tsukuda et al. 2021). Hence, FOS and
M. crassa powder promoted a comparable number of Bifi-
dobacterium spp., but FOS fermentation produced higher
concentrations of acetic acid and lactic acid. This could
be due to FOS's lower degree of polymerization (DP) and
higher purity when compared to the mushroom powder.
Similarly, M. crassa and FOS stimulated Bifidobacterium,
which suggests that M. crassa contains a significant amount
of glucose in the form of f#-glucans (Mo et al. 2022). Bifi-
dobacterium species, which are frequently thought to be the
target of prebiotic action, can utilize polysaccharides found
in mushrooms, including #-glucans (Gonzalez et al. 2021).

The human gut microbiota performs a variety of func-
tions, including the production of various metabolites such
as vitamins and short-chain fatty acids (SCFAs), the main-
tenance of the epithelial barrier, the inhibition of pathogen
adhesion to intestinal surfaces, the degradation of previ-
ously indigestible carbon sources (such as mushrooms),
and immune system modulation and maturation (Sanchez
et al. 2017). Alterations in the composition of intestinal
microbiota are linked with various diseases, such as obe-
sity, atherosclerosis, chronic kidney disease, diabetes mel-
litus type 2, heart failure, and high blood pressure (Vijay and
Valdes 2022). Various bioactive mushroom compounds have
been proven to alter the intestinal microbiota and improve
health. Mushroom components (hemicellulose, chitin, @- and

p-glucans, mannans, xylans, and galactans) may serve to
promote the growth of probiotic bacteria in the intestine
and to decrease pathogenic proliferation (Kumari 2020).
Therefore, consuming M. crassa mushrooms may improve
GI health by stimulating the immune system, reducing
bowel inflammation, obesity and metabolic disturbances,
hypertension, and preventing toxin-producers that cause
gut dysfunction.

Moreover, prebiotic compounds are Gastrointestinal tract
(GI) tolerable (pharmacodynamic) in the presence of sali-
vary amylases, gastric juices, or bile extract and retain their
capacity to stimulate beneficial microbes to improve health
(pharmacodynamic) in the host (Gibson 2022). However,
the low bioavailability of phenols and proteins, in particular,
due to the impact of GI conditions, may compromise their
biological and pharmacological benefits (Nunes et al. 2017).
The potential use of M. crassa as a prebiotic was thus shown
in this study based on the growth of intestinal bacteria and
SCFAs in human excretions. Interestingly, M. crassa powder
contains excellent bioactive compounds that can stimulate
the composition of the faecal microbiota, and hence, supply-
ing it at a suitable site would overcome the pharmacokinetic
limitations of M. crassa powder and improve its pharmaco-
dynamic potential.

Conclusion

Individual health demands have prompted a search for func-
tional foods that can alter the gut flora and improve health.
The functional composition of M. crassa powder consists
primarily of protein (14.31%), carbohydrates (65.3%), beta
(#)-glucan (37.6%), low-fat content (4.89%), and phenolics
(4.76 0.05 mg GAE/g). In vitro fermentation revealed that
M. crassa powder was fermented by the gut microbiota to
produce SCFAs, which increased with time. The principal
products of the SCFA were acetic acid, propionic acid and
butyric acid. The M. crassa fermentation produced more
propionic acid, and less acetic and butyric acids in compari-
son with FOS fermentation. Also, M. crassa increased the
populations of Bifidobacterium, Lactobacillus/Enterococcus
group, Afopobium cluster, BacteroidaceaelPrevotellaceae
and C. coccoides. F. prausnitzii, Roseburia genus, C. his-
tolyticum and C. cluster IX counts, on the other hand, were
reduced. M. crassa powder apparently increases propionic
acid production by increasing the number of the Bacteroida
ceael Prevotellaceae group and C. cluster IX more than FOS.
Whereas, Bifidobacterium spp., Atopobium cluster, Bacte
roidaceaelPrevotellaceae and C. coccoides populations
increased in correlation with the concentration of acetic acid
for FOS and M. crassa. The findings suggest that, similar to
FOS, M. crassa fruit bodies can be utilized by gut micro-
organisms to create SCFAs and modulate the composition
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of gut microbiota. The results validate the biological poten-
tial of this mushroom for use as a functional food source to
improve health and prevent diseases by promoting intestinal
health in the future. As a result, future research should inves-
tigate the effect of M. crassa powder on human gut micro-
biota in relation to diseases such as diabetes, inflammation,
colonic cancer, and autism spectrum disorders (ASDs).
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