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HIGHLIGHTS

= Hypsizygus sp. fermentation produced bacteriocins-like inhibitory substance from the powerful Lactic Acid Bacteria strains
ISL-2A and ISL-4G, which inhibited Staphylococcus aureus and Escherichia coli.

= Bacteriocins-like inhibitory substance remained stable at pH 3—7 and up to 80 °C but lost sensitivity to proteolytic enzymes.

= Bacteriocins-like inhibitory substance showed potential as natural antimicrobials for food preservation.
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ABSTRACT

Background: Spontaneous is an effective method to enhance the bioactivity and stability
of foods through the action of Lactic Acid Bacteria (LAB), the dominant microbes in this
fermentation which generate antimicrobial metabolites, while also serving as a form of
biological preservation. Hypsizygus sp., an edible mushroom valued for its high
nutritional value, is highly perisable and benefits from biological preservation strategies.
This study investigated LAB isolated from spontaneous fermentation of Hypsizygus sp.
and characterized their bacteriocin-like inhibitory activity.

Methods: Spontaneous fermentation was performed on Hypsizygus sp. using 2% NacCl,
1% sucrose, 3% chili pepper, and 2% garlic then incubated for 6 days at 27+1 °C. LAB
were isolated on days 0, 2", 4", and 6™ using de Man, Rogosa, and Sharpe agar (MRSA)
medium, and characterized through colony and cell morphology, catalase activity,
carbohydrate fermentation, and tolerance to salt and temperature. Bacteriocin-like
inhibitory substances activity and stability were evaluated for antibacterial activity and
stability across temperature, pH, and proteolytic enzyme treatment. Statistical analysis
used two-way ANOVA followed by Sidak’s post-hoc test (p<0.05).

Results: Four isolates exhibited promising traits, with ISL-2A and ISL-4G—identified as
belonging to the genus Lactobacillus—demonstrating the highest antibacterial activity
against Staphylococcus aureus and Escherichia coli. The bacteriocin-like inhibitory
substances produced were stable across a pH range of 3.0-7.0 and temperatures up to
80 °C, but were inactivated by proteolytic enzyme.

Conclusion: These findings underscore the potential of LABs derived from fermented
Hypsizygus sp. as natural antimicrobials and biopreservatives for food.
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Introduction

Lactic Acid Bacteria (LAB) are widely recognized for
their critical roles in food preservation, fermentation, and
health. These Gram-positive, non-spore-forming, catalase-
negative microorganisms—typically rod- or cocci-
shaped—are known for their ability to ferment
carbohydrates into lactic acid and produce antimicrobial
metabolites, such as organic acids, CO, , hydrogen
peroxide, and bacteriocins.

Among potential fermentation substrates, edible
mushrooms like shimeji (Hypsizygus sp.) stand out due to
their rich nutritional profile and diverse bioactive
compounds. These mushrooms offer antioxidant,
anticancer, and antimicrobial properties, with studies
reporting health benefits including reduced blood pressure,
lower cholesterol, and protection against certain cancers
(Monira et al., 2012; Skrzypczak et al., 2020). Shimeji
extracts have shown inhibitory effects against Bacillus
subtilis and Escherichia coli (Chowdury et al., 2015).

Due to their high content of polysaccharides, proteins,
vitamins, and phenolic compounds, Hypsizygus sp. also
provides a favorable environment for the growth of LAB,
which can further enhance preservation and functional
value through bacteriocin production. However, the high
moisture and enzymatic activity of mushrooms make them
prone to rapid spoilage, necessitating effective, natural
preservation strategies (Baek et al., 2017).

Bacteriocins, ribosomally synthesized antimicrobial
peptides produced by LAB, exhibit selective activity
against both Gram-positive and Gram-negative bacteria
(Pérez-Ramos et al.,, 2021). Unlike broad-spectrum
antibiotics, they target pathogens without harming
beneficial microbiota (Zacharof and Lovitt, 2012). Some,
like plantaricin from Lactobacillus spp., disrupt bacterial
membranes by forming pores—causing membrane collapse
and rapid cell death (Ahmad et al., 2017). Their safety for
eukaryotic cells, along with their heat and pH stability,
makes them attractive as both food biopreservatives and
alternatives to conventional antibiotics (Cotter et al., 2013).

Spontaneous fermentation, which occurs without the
addition of starter cultures, relies on the natural microflora
present in raw materials and their surrounding
environment. This method is thought to be good for
isolating LAB strains that are well suited to the specific
biochemical conditions of the substrate (Szutowska and
Gwiazdowska, 2021). In substrates such as mushrooms,
LABs play a central role by outcompeting undesirable
microbes and producing antimicrobial metabolites like
lactic acid, hydrogen peroxide, and bacteriocins
(Skrzypczak et al., 2020).

Spontaneous fermentation tends to support the
development of complex, diverse microbial communities,
increasing the chances of discovering novel LAB strains
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with strong bacteriocin-producing capabilities (Dahunsi et
al., 2022). These LABs often exhibit higher metabolic
competitiveness and resilience, enhancing their ability to
survive and function effectively in dynamic fermentation
environments. Additionally, spontaneous fermentation
does not require the preparation of specialized inocula,
simplifying the process while promoting a natural, adaptive
selection of beneficial microorganisms (Soorsesh et al.,
2023). This microbial diversity can be a rich source of
biopreservative agents with broad-spectrum antimicrobial
activity, especially for perishable substrates like
mushrooms.

Despite the promising attributes of LAB, research on
bacteriocin ~ production  during the  spontaneous
fermentation of Hypsizygus mushrooms remains limited.
The study aimed to isolate and characterize LAB from the
spontaneous fermentation of shimeji mushrooms and
evaluate the production of bacteriocin-like inhibitory
substances. Since the focus of this study was on
preliminary biochemical characterization rather than
molecular identification of LAB, and only crude
supernatants were examined, the reported activity may
reflect the combined effects of bacteriocins and other
antimicrobial — metabolites, namely bacteriocin-like
inhibitory substances. Additionally, efforts should be made
to purify the bacteriocins using techniques such as
ammonium sulfate precipitation, ultrafiltration, or
chromatographic  separation to isolate individual
bacteriocin.

Materials and methods
Hypsizygus sp. spontaneous fermentation

Fresh Hypsizygus sp. mushrooms and other raw
materials were bought from a local market in Yogyakarta,
Indonesia. About 150 g of mushrooms were washed in
sterile warm water for pre-treatment of spontaneous
fermentation. The mushrooms were cut into small pieces,
and NaCl (2%, w/v) (GRM853, HiMedia, India) and
sucrose (1%, w/v) (M576, HiMedia, India) were added to
create osmotic conditions similar to traditional
fermentation. The mixture was then left to allow water to
be released from the mushrooms through processing
osmosis (Jabtonska-Rys et al., 2019). The mushrooms were
then placed in a sterile 300 ml glass jar and incubated at
room temperature for six days.

Isolation and selection of LAB

The selection of LAB isolates was carried out by taking
a 10 g sample of the submerged fungus, followed by
homogenization using a vortex (GEMMY, Taiwan) for 1
min. About 1 ml of the suspension was taken for serial
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dilution in physiological saline, and then about 100 pl of
each dilution was transferred to a Petri dish containing
prepared Plate Count Agar (PCA) (M091, HiMedia, India)
and incubated at 37 °C for 24 h to determine the Total
Plate Count (TPC). In addition, MRSA (GM641, HiMedia,
India) supplemented with CaCO; (102066, Merck,
Germany) was inoculated by spreading and incubated at 37
°Cfor 48 h for LAB isolation. After incubation, colonies
were taken and re-inoculated onto sterile MRSA, and the
procedure was repeated twice to ensure the purity of the
isolates. Purity was further confirmed by consistent colony
morphology on repeated subculturing and by phenotypic
characterization showing Gram-positive, catalase-negative
traits typical of LAB. Although molecular (PCR-based)
identification was not performed, these classical
microbiological approaches were used for confirming LAB
purity in preliminary studies. Isolation of LAB was carried
out on day 0, day 2, day 4, and day 6 of fermentation. Each
day, 10 isolates were obtained, colonies with typical LAB
morphology (small, round, white to cream) were initially
selected, and among them, those showing the largest clear
zones on MRSA medium were chosen for further analysis
(Chen et al., 2006; Skrzypczak et al., 2020).

Characterization of colony morphology and cell
morphology

The characterization of colony morphology was
conducted by observing LAB isolates grown on MRSA
(GM®641, HiMedia, India) medium after incubation for 24—
48 h at 30 °C (Goa et al., 2022)

LAB catalase test

The test is conducted by dropping a 3% hydrogen
peroxide solution (OneMed, Indonesia) onto a glass slide
that has been inoculated with a single colony of bacteria
from a 24-h culture (Goa et al., 2022)

LAB growth at various temperatures

Selected isolates were grown in MRS HiVEG™ Broth
(MV369, HiMedia, India) and incubated at temperatures of
10 °C, 25 °C, and 37 °C for 48 h. After incubation, colony
growth was observed (Goa et al., 2022).

LAB growth at various NaCl concentrations

The selected isolate was grown in MRS HiVEG™ Broth
(MV369, HiMedia, India) with the addition of NaCl
(GRMB853, HiMedia, India) at concentrations of 2%, 4%,
and 6.5% and incubated at 37 °C for 48 h. After
incubation, colony growth was observed (Goa et al., 2022).

The ability of LABs to produce gas from glucose

Pure isolates of LAB were inoculated into 10 ml of MRS
HiVEG™ Broth containing inverted Durham tubes, then
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incubated at 37 °C for 48 h (Goa et al., 2022).
Production of bacteriocin-like inhibitory substances

The strain was grown in MRS HiVEG™ Broth at 37 °C
for 48 h. After incubation, the broth was centrifuged
(Hettich, Germany) at 5,000 revolutions per minute (rpm)
for 10 min at 4 °C, and the cells were separated. Cell-free
supernatant was used as crude bacteriocin-like inhibitory
substances (Udhayashree et al., 2012).

Antimicrobial activity test

The antimicrobial activity was tested against
Staphylococcus aureus (Gram-positive) and E. coli (Gram-
negative) using the qualitative agar disc diffusion method.
Mueller-Hinton Agar (MHA) plates (M173, HiMedia,
India) were inoculated with bacterial suspensions
standardized to McFarland 0.5 (~1x10°® Colony Forming
Unit (CFU)) (R092A, HiMedia, India) after incubation in
nutrient broth (105450, Merck, Germany) at 37 °C for 18—
24 h (Goa et al., 2022). The bacterial suspensions were
adjusted using a UV-Vis spectrophotometer (Thermo
Fisher Scientific, USA) at 600 nm. Antimicrobial discs
(MN 827 ATD, 484000, Macherey-Nagel, Germany) were
soaked in Hypsizygus sp. bacteriocin-like inhibitory
substances extract and placed on the inoculated Mueller-
Hinton Agar (MHA) plates. Inhibition zones (mm) were
measured to assess antimicrobial activity.

Temperature stability test of bacteriocin-like inhibitory
substances

Cell-free supernatant was taken in different test tubes
and then treated at 4 °C, room temperature, 80 °C, and 121
°C. Room temperature treatment was used as a control.
Bacteriocin-like inhibitory substances samples treated with
temperature were tested for their antimicrobial activity
(Udhayashree et al., 2012).

pH stability test of bacteriocin-like inhibitory substances

Cell-free supernatant of bacteriocin-like inhibitory
substances was taken in a test tube, and the pH value was
measured and adjusted to pH 3, pH 7, and pH 10
individually, using dilute NaOH (106498, Merck,
Germany) and HCI (109063, Merck, Germany) (0.1 M
NaOH and 0.1 M HCI solution) (Veettil and Chitra, 2022).
The samples were allowed to stand at room temperature for
1 h, and the antimicrobial activity was tested (Udhayashree
etal., 2012).

Bacteriocin-like inhibitory substances stability test under
proteolytic enzymes

Cell-free supernatant was taken in a test tube and added
with 1 mg/ml papain enzyme (Shaanxi Fonde Biotek Co.,
Ltd., China) dissolved in Tris-HCI buffer (MBO030,
HiMedia, India) pH 7. The cell-free supernatant, which has
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been supplemented with protease enzymes, was subjected
to temperature and pH treatments, and its antibacterial
activity was re-evaluated (Wu et al., 2022).

Data analysis

Antibacterial activity was recorded, averaged, the
standard deviation calculated, and statistically analyzed to
compare treatments. Data were analysed using the
Shapiro-Wilk normality test, followed by two-way
ANOVA and Sidak post-hoc comparisons in RStudio.
Significance was accepted at p<0.05. Results are expressed
as mean + Standard Deviation (SD), and statistically
distinct groups are denoted by different letters in the
figures.

Results and discussion

Microbial population during spontaneous fermentation of
Hypsizygus sp.

Microbial dynamics during fermentation were monitored
using the TPC method, with samples collected on days 0,
2, 4, and 6. As shown in Figure 1, the initial TPC was
0.6x10° CFU/mI on day 0, increasing sharply to 2.07x10°
CFU/ml on day 2 and peaking at 2.44x10° CFU/ml on day
4, before declining to 0.54x10° CFU/ml on day 6—likely
due to nutrient depletion, accumulation of toxic
metabolites, or the onset of the death phase (Tamang et al.,
2016).

Similarly, Figure 2 shows an initial TPC of 1.47x10°
CFU/ml on day 0, which rose to 7.15x10° CFU/ml by day
2, followed by decreases to 4x10° and 3.15x10° CFU/m
on days 4 and 6, respectively. LAB populations typically
peak between days 2 and 4, then decline due to
competition, nutrient exhaustion, and pH reduction.
Species such as Leuconostoc mesenteroides are less acid-
tolerant, whereas Lactobacillus plantarum withstands
lower pH (McDonald et al., 1990; Zabat et al., 2018). The
final decrease in LAB count is attributed to lactic acid
accumulation, nutrient depletion, and autolysis (Li et al.,
2017; Zimmerman and lbrahim, 2021), marking the
stabilization or completion phase of fermentation.
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Figure 1: Total microbial count during the spontaneous fermentation
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of Hypsizygus sp.

This study also showed that spontaneous fermentation of
Hypsizygus sp. produced more total LABs compared to
fermentation with the addition of Lactobacillus bulgaricus
and Bifidobacterium sp. as starters, which showed around
10 8 CFU/mI in a fermentation period of around 1 week, as
we reported previously (Maskuri et al., 2025; Winurati and
Darmasiwi, 2025)
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Figure 2: Lactic Acid Bacteria (LAB) population during the
fermentation of Hypsizygus sp.

Isolation and selection of LAB from fermented Hypsizygus
sp.

A total of 36 isolates were obtained from the
spontaneous  fermentation of Hypsizygus (shimeji)
mushrooms.  All  exhibited  characteristic = LAB
morphology—round, convex colonies with smooth or
slightly wavy edges and a white to cream color (Leska et
al., 2022). The isolates showing the widest clear zones
were reselected and labeled using the code “ISL,” followed
by a number (fermentation day) and a letter (colony or
plate ID). Based on this selection, isolates ISL-OE, ISL-2A,
ISL-4G, and ISL-6E were identified as potential
bacteriocin-producing LAB and sub cultured for further
testing (Figure 3).

Figure 3: Selected Lactic Acid Bacteria (LAB) Isolates (A) ISL-0E
(B) ISL-2A (C) ISL-4G (D) ISL-6E

ISL refers to the isolate code; the number indicates the
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sampling day, and the letter denotes the colony source. characteristics. All isolates tested negative in the catalase
test, indicating the absence of the catalase enzyme. They
were also able to grow at a wide range of temperatures,

Based on Table 1, all four isolates—ISL-OE, ISL-2A, including 10 °C, 25 °C, and 37 °C, demonstrating
ISL-4G, and ISL-6E—share several biochemical adaptability to varying thermal conditions.

Characterization of selected LAB isolates

Table 1: Characterization of selected lactic acid bacteria isolates from spontaneous fermentation of Hypsizygus sp.

. Growth at Various Temperatures Growth in Various NaCl Concentrations

No Isolate Codes CAT Gas Production 10°C 25 °C 37°C 2% 1% 6.5%
1 ISL-0E - + + + + + + +
2 ISL-2A - + + + + + + +
3 ISL-4G - + + + + + + +
4 ISL-6E - + + + + + + +

ISL refers to the isolate code; the number indicates the thermal stability. ISL-4G consistently showed the strongest
sampling day, and the letter denotes the colony source. inhibition, followed by moderate activity from ISL-2A and

All isolates grew in media containing 2%, 4%, and 6.5% ISL-6E, while ISL-0E remained inactive. Temperature had
NaCl, indicating moderate halotolerance, though they no significant effect on the overall antibacterial pattern of
differed in glucose fermentation ability: ISL-OE and ISL- each isolate.
2A fermented glucose, while ISL-4G and ISL-6E did not. at

These results show similar salt and temperature tolerance
but distinct metabolic traits among isolates.

Isolated on the first fermentation day under aerobic,
high-pH conditions, ISL-0E likely represents a
Lactococcus strain, consistent with early-phase LAB
dominance (Hou et al., 2023).

ISL-2A produced gas during glucose fermentation,
suggesting heterofermentative metabolism typical of
Lactobacillus brevis or Lactobacillus fermentum, which
grow at 10-37 °C and tolerate up to 6.5% NaCl (Baek et mISL-0E mISL-2A mISL-4G mISL-6E
al., 2017; Wei et al., 2025). In contrast, ISL-4G and ISL-

25 r

2 b

15

1

0.5

Diameter of the inhibition zone (mm)

L 3 0
6E, both rod-shaped, Gram-positive, and non-gas- H 25 » . B
. . . T 25 an b a2
producing, align with L. plantarum, a homo- or 21820 o 2
facultatively heterofermentative species known for salt . 17 15 N
tolerance and environmental adaptability (Holzapfel and ‘ 1o o 14
Wood, 2014). f 1 08
i 0.5

Characterization of the temperature stability of i o s s .
bacteriocin-like inhibitory substances 28°C 80°C 121°C

substances against E. coli decreased with increasing Temperature
temperature. At 4 °C, ISL-2A and ISL-4G exhibited the HISL-OE mISL-2A mISL-4G  mISL-6E
highest activity, significantly greater thar.] I_SL___OE’ while Figure 4: (A) Antimicrobial activity of bacteriocin-like inhibitory
ISL-6E showed moderate but comparable inhibition. At 28 substances from isolated lactic acid bacteria against Escherichia coli
°C, inhibition zones of ISL-2A, ISL-4G, and ISL-6E under varying temperatures (B) and against Staphylococcus aureus
decreased but remained higher than ISL-OE. Activity
persisted at 80 °C (0.9-1.2 mm zones) but was completely Characterization of the pH stability of bacteriocin-like
lost at 121 °C, likely due to bacteriocin. inhibitory substances

Figure 4A, exhibits the antibacterial activity of
bacteriocin-like inhibitory denaturation (Mokoena, 2017).
Overall, ISL-2A and ISL-4G were the most consistently
active, especially at low temperatures.

Against S. aureus (Figure 4B), all isolates retained
antibacterial activity even at 121 °C, indicating good

As shown in Figure 5A, neutral pH (7) yielded the
highest antibacterial activity for most isolates. ISL-0E was
active at pH 3 and 7 but inactive at pH 9 and without
buffer, indicating preference for acidic to neutral
conditions. ISL-2A showed the greatest inhibition at pH 7
and remained moderately active at pH 3 and without
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buffer, while ISL-4G was most active without buffer but
less effective at pH 3 and 7. ISL-6E showed similar
patterns, with optimal activity at pH 7 and loss of activity
at pH 9. Overall, bacteriocin-like inhibitory substances
were most stable and active under neutral conditions, with
reduced effectiveness in alkaline environments.

2
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£
o 0.8
=
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Figure 5: (A) Antimicrobial activity of the bacteriocin-like inhibitory
substances from isolated lactic acid bacteria against Escherichia coli
under varying pH and against (B) Staphylococcus aureus under
varying pH

Similarly, against S. aureus (Figure 5B), the highest
activity occurred at pH 7, particularly for ISL-4G and ISL-
6E. In contrast, at pH 10, inhibition was minimal or absent,
likely due to denaturation of bacteriocin-like substances
under strong alkaline conditions, confirming that neutral to
slightly acidic pH favors bacteriocin stability and activity
(Malik et al., 2016).

Table 2: Inhibition zone of the selected lactic acid bacteria
bacteriocin-like inhibitory substances with the addition of protease
enzyme

Tem_pe!'ature pH Variations + Protease
Variations + .
. (Papain)
. Protease (Papain)
Bacteriocin No
4 28 80 121, .. pH pH pH
C °C °C C Buffer 3 7 10
ISL-0E - - - - - - - -
ISL-2A - - - - - - - -
ISL-4G - - - - - - - -
ISL-6E - - - - - - - -

ISL refers to the isolate code; the number indicates the sampling day,
and the letter denotes the colony source.
(-) = No clear zones appeared.

CCBY 4.0

Characterization of the bacteriocin-like inhibitory
substances stability under proteolytic enzymes

Based on Table 2, no inhibition zones were observed
after protease treatment, indicating that antibacterial
activity was lost and the active compounds were
proteinaceous, as they were degraded by proteolytic
enzymes (Motyén et al., 2013; Udhayashree et al., 2012).

Biochemical characterization showed a correlation
between bacterial traits and bacteriocin-like inhibitory
substance properties. ISL-OE, a catalase-negative,
homofermentative strain tolerant to 6.5% NaCl and 10-37
°C, exhibited Lactococcus characteristics and likely
produced class Il bacteriocins (Ahmad et al., 2017).
Although thermolabile, its enzyme sensitivity and pH-
dependent activity align with class Il traits. This agrees
with  Lactococcus  spp.  producing  heat-sensitive
bacteriocins such as lactococcin A and B, which lose
activity above 70-80 °C (Héchard and Sahl, 2002; Sharma
etal., 2022).

ISL-2A, a heterofermentative isolate tolerant to heat and
salinity, likely belongs to L. brevis or L. fermentum and
produces thermostable class Il bacteriocins such as
brevocin or fermenticin (Mokoena, 2017; Ahmad et al.,
2017). I1SL-4G and ISL-6E, rod-shaped and salt-tolerant
with homo- or facultative heterofermentative metabolism,
correspond to L. plantarum, known for producing
plantaricin-type class Il bacteriocins (Mokoena, 2017;
Ahmad et al., 2017). All isolates lost antibacterial activity
after protease treatment, confirming their proteinaceous
nature (Métyan et al., 2013).

Class Il bacteriocins are generally thermostable,
remaining active up to 121 °C, and stable within pH 4-8
(Cotter et al., 2013). The LAB isolates from this study
tolerated high temperatures (up to 80 °C) and acidic pH,
traits important for probiotic survival through the digestive
tract (Zieliska et al., 2018). These bacteriocin-like
substances show potential as natural preservatives against
pathogens such as Listeria monocytogenes, E. coli, and
Salmonella spp., and as starter cultures in traditional
fermentation, enhancing product safety and functional
value (Sharma et al., 2022).

However, the inhibitory zones observed were relatively
unstable and enzyme-sensitive, indicating the need for
optimization. Bacteriocin production is influenced by
growth phase, medium composition, and pH regulation
(Sidooski et al., 2019). Optimal production typically occurs
during the exponential phase and can be enhanced by
supplementing carbon and nitrogen sources. Glucose
supports higher bacteriocin yields, though excess can
inhibit growth, while pH control prevents excessive acid
accumulation (Guerra et al., 2014; Sidooski et al., 2019).
Agitation during fermentation also enhances production by
improving nutrient distribution and pH stability (Guerra,
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2014).

To improve stability against proteases, encapsulation
techniques—such as using liposomes, alginate beads, or
biodegradable polymers—can protect bacteriocins and allow
controlled release. Encapsulated nisin, for example,
maintained activity across temperature and pH variations
(Eghbal et al., 2022). This approach enhances bacteriocin
effectiveness for food preservation and potential probiotic
applications. However, the present study did not analyze the
molecular weight or amino acid composition of the active
compounds. Future research should include these analyses,
along with membrane-disruption or mode-of-action studies,
to achieve a more complete characterization of the
bacteriocins. Furthermore, future studies should include
molecular identification using 16S rRNA sequencing to
confirm the taxonomic position of the isolates at the species
level and establish a stronger link between isolate identity
and bacteriocin-like inhibitory substance production.

Conclusion

Isolate ISL-OE (Lactococcus spp.) produced a
thermolabile class Il bacteriocin stable under acidic to
neutral pH but sensitive to proteolytic enzymes. Isolate
ISL-2A, likely L. brevis or L. fermentum, produced a
thermostable class 11 bacteriocin with similar pH tolerance
and enzyme sensitivity. Isolates ISL-4G and ISL-6E, also
presumed Lactobacillus species, produced highly
thermostable bacteriocins that retained activity even after
autoclaving at 121 °C, consistent with class |l
characteristics. The bacteriocin obtained from the
spontaneous fermentation of Hypsizygus sp. mushrooms
was stable at acidic to neutral pH and at temperatures up to
80 °C but was degraded by proteases, suggesting limited
structural protection. Nevertheless, this study did not
determine the molecular weight or amino acid composition
of the active compounds; future studies should include
these analyses and explore their mechanisms of action for
more complete characterization.
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