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Abstract: Hericium erinaceus, commonly known as Lion’s Mane mushroom, presents a
challenge for maintaining quality and shelf-life during post-harvest storage. This study
investigates the impact of different temperatures (5 ◦C, 13 ◦C, and 21 ◦C) during 14 days
of storage, on the physicochemical, microbiological, and bioactive characteristics of H.
erinaceus. Respiration was measured as an indicator of physiological aging, showing that
higher temperatures increased CO2 production as well as O2 depletion. Physicochemical
assessments, including moisture content, pH, titratable acidity, weight loss, browning
index, and firmness, demonstrated that refrigeration at 5 ◦C best preserved the mushrooms’
quality. Storage at 5 ◦C effectively minimized microbial proliferation, maintaining accept-
able levels until day 7 but showing increased contamination by day 14. However, higher
temperatures promoted antioxidant activity and total phenolic content, likely due to mois-
ture loss and oxidative stress. These findings highlight the critical role of low-temperature
storage in preserving both the physicochemical integrity and functional bioactivity of H.
erinaceus, and suggest further research into packaging solutions and preservation strategies
to optimize the post-harvest handling of H. erinaceus.

Keywords: Hericium erinaceus mushroom; post-harvest quality; refrigeration; shelf-life

1. Introduction
Hericium erinaceus (Bull.) Pers. (He), commonly known as Lion’s Mane mushroom, is

easily identifiable in its mature form by its distinctive fruiting bodies, which differ from
the typical mushroom shape. Instead of a cap and stem, it is distinguished by long, fleshy
spines that initially appear white, gradually turning yellowish, and eventually brown as
they age. Species within the Hericium genus have spines that originate from either branched
or unbranched hymenophore structures. The variation in spine length, as well as whether
the spines occur individually or in clusters, further distinguishes different species within
this genus [1].

Lion’s Mane is highly valued not only for its unique taste and texture but also for
its nutritional and medicinal properties. With a rich history rooted in traditional Chinese
medicine, it has garnered increasing attention for its diverse health benefits, particularly its
neuroprotective effects [2]. This versatile mushroom is a valuable source of minerals [3],
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B-complex vitamins, including B12, and contains potent antioxidant compounds. These
attributes have been linked to its potential role in alleviating major depressive disorders,
positioning it as both an edible and functional mushroom [4]. The health-promoting
properties of Lion’s Mane are largely attributed to its array of bioactive compounds. Key
examples include polysaccharides, known for their immunomodulatory effects [5], and a
variety of secondary metabolites such as hericirine [6], hericenone, and erinacine [1,7,8].
These compounds collectively underscore the mushroom’s functional potential and
medicinal value.

However, the commercialization of mushrooms, including Lion’s Mane, presents
a significant challenge due to their highly perishable nature. Mushrooms have a high
moisture content, a neutral pH, and a significant microbial load, all of which make them
highly susceptible to quality loss. This includes browning, water loss, and microbial
proliferation, which can significantly reduce shelf life to just a few days post-harvest [9,10].

The shelf life of mushrooms is influenced by both extrinsic and intrinsic factors.
Extrinsic factors, such as temperature and moisture levels during storage, are critical, as
most physical, biochemical, and microbiological deterioration processes are temperature
dependent. For instance, mushrooms stored at 20 ◦C may have a shelf life of up to 48 h,
whereas those stored at refrigeration temperatures of 2 ◦C can remain viable for up to one
week [11]. Additionally, maintaining a relative humidity between 85% and 90% is essential
to minimize weight loss during post-harvest storage [12].

Intrinsic factors also play a significant role in quality degradation, including high
respiration rates, increased enzymatic activity, rapid water loss post-harvest, and microbial
contamination, also contribute to the degradation of quality [13]. Notably, mushrooms
exhibit exceptionally high respiration rates, reaching levels up to 90% higher than those
observed in fruits, further exacerbating their rapid quality decline. Additionally, moisture
content, typically ranging from 85% to 95% of fresh weight, makes mushrooms highly
susceptible to senescence. Effectively managing these factors can help reduce postharvest
deterioration and extend the shelf life of mushrooms [14].

Mushroom browning, a major quality issue, is primarily caused by the oxidation
of phenolic compounds, which are catalyzed by enzymes such as polyphenol oxidase
(PPO) [15]. This enzymatic browning not only affects appearance but can also influence
taste and texture, diminishing the mushroom’s market appeal. In addition to color, texture
is widely considered one of the most important indicators of food quality. The softening
of mushrooms, a sign of textural degradation, significantly impacts both their shelf life
and consumer purchasing decisions [16]. Consequently, postharvest practices, including
refrigeration either independently or in conjunction with other methods, are essential for
maintaining quality, ensuring safety, and optimizing the marketability of mushrooms [11].

Despite the growing popularity of Lion’s Mane mushrooms, research on their preser-
vation remains limited. Most studies focus on their medicinal and nutritional properties,
leaving a gap in knowledge regarding their post-harvest handling, particularly in terms
of storage conditions. This study aims to address this gap by investigating the effects
of storage temperatures (5 ◦C, 13 ◦C, and 21 ◦C) on various physicochemical properties,
respiration rates, microbiological safety, and the bioactive composition of Hericium erinaceus.
Through an analysis of key quality indicators such as moisture content, browning, firmness,
microbial proliferation, and antioxidant capacity, this research seeks to identify optimal stor-
age conditions that can prolong shelf life while maintaining the nutritional and functional
integrity of the mushroom, which is crucial for preserving its medicinal value. Moreover,
this study sheds light on critical factors limiting storage efficacy, offering valuable insights
for improving post-harvest management practices and advancing commercialization strate-
gies for Hericium erinaceus. By addressing this relatively underexplored aspect of Lion’s
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Mane mushrooms, the research contributes a new perspective to the growing body of work
surrounding their preservation and quality retention.

2. Materials and Methods
2.1. Mushroom Sampling and Preparation

Fresh He fruiting bodies were obtained from “Cogumelos Serra da Lua”, Porto de
Mós, Portugal (GPS coordinates: 39.47870, −8.85636), an indoor mushroom producer.
Upon arrival at the laboratory, the mushrooms were gently cleaned with a clean paper to
remove any residual dirt. After, they were carefully selected for uniform size and weight to
minimize variability in the analysis, divided into plastic boxes, ensuring equal distribution
of samples and stored at three different constant temperatures: 5 ◦C, 13 ◦C, and 21 ◦C.
These temperatures were chosen to represent a range of common storage conditions, from
refrigeration (5 ◦C) to ambient temperature, such as at home or in a supermarket (21 ◦C).

The storage equipment used was thoroughly sanitized prior to the experiment to
prevent cross-contamination and ensure the integrity of the storage condition. The sam-
ples were analyzed at specific intervals to capture different aspects of quality degradation
during storage. Microbiological analyses were performed at days 0, 7, and 14 to monitor
progressive microbial growth and assess food safety over extended storage periods. How-
ever, the other determinations were assessed more frequently, at days 0, 2, 4, and 7, to track
rapid changes in quality parameters, which are more dynamic during the early stages of
storage. The experiments were carried out in triplicates.

2.2. Respiration Measurements

Respiration of the fruiting bodies was measured using the closed-system methodology
as largely reported in the literature [17]. After sample preparation, the effect of temperature
during storage was evaluated by storing 60 g of mushrooms in airtight glass jars. A rubber
septum was affixed to the center of each jar lid to facilitate gas sampling. Gas samples
were collected at regular intervals using a needle inserted through the septum, which was
connected to a CO2/O2 gas analyzer (PBI Dansensor Checkmate 9900, Ringsted, Denmark).
The analyzer recorded the gas composition in terms of volumetric fractions of O2 and CO2.
Volumetric fractions are defined as the ratio of the volume of a specific gas to the total
volume of the gas mixture. Measurements were conducted periodically throughout the
storage period at each temperature condition.

To evaluate the effects of storage time and temperature, two independent samples
were prepared, and triplicate determinations were performed for each condition.

2.3. Physico-Chemical Analysis Contenct

Moisture content (MC) was determined following an adaptation of NP 875 (1994). A
2 g sample was weighed and put at 105 ◦C until a constant weight was achieved.

A sample weighing 5 g of mushroom from each box was homogenized by a blender
(ULTRA-TURRAX® T25 basic, IKA®—WERKE, Staufen, Germany) in 50 mL of nano-pure
water, for 1 min at 16,000 rpm. One 10 mL dose was taken, and pH was measured by using
pH meter (Crison Micro pH 2001, Crison Instruments, Barcelona, Spain) and titratable
acidity (TA; g citric acid/100 g product) was determined using a titrator (665 Dosimat,
Metrohm, Herisau, Switzerland) following NP-1421 [18].

Weight loss (WL) was determined by measuring the weight of each mushroom plastic
box at different storage temperatures, initially on the first day of storage (day 0) and
subsequently at specific time (day t). The percentage weight loss was calculated using the
following formula:

WL (%) = [(W0 − Wt)/W0] × 100, (1)
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where W0 is the weight on the first day and Wt is the weight on the sampling day.
All the determinations were carried out in triplicates for each day and temperature

of storage.

2.4. Color and Texture Analysis

The color of the fruiting body surface was assessed through digital camera image
records taken at various times and temperatures, along with measurements from a col-
orimeter (Minolta CR-300, Osaka, Japan) based on CIEL*a*b* parameters. The parameters
were determined as: L (L = 0; black and L = 100; white), a (−a = greenness and +a = redness),
and b (−b = blueness and +b = yellowness) [19]. The instrument was calibrated using a
white tile standard. Color measurements were taken on the surface of each mushroom at
four different locations for each box, a total of 8 determinations for each day/temperature.
The browning index (BI), which represents the purity of brown color [20], were calculated
as follows [21]:

BI =
100 × (x − 0.31)

0.172
, (2)

where
x =

a + 1.75L
5.645L + a − 3.012b

. (3)

Total color difference (∆E) was calculated following:

∆E =

√
(L∗ − L∗

0)
2 +

(
a∗ − a∗0

)2
+ (b∗ − b∗

0)
2. (4)

The texture of fruiting mushroom bodies was measured through a texture profile
analyzer TA.XT2i Texture Analyser (Stable Micro-System Ltd., Godalming, UK). Firmness
was determined from the force versus time curves as the maximum force, in Newtons (N).

The samples were compressed to 50% of their original height with test speed of 1 mm/s
speed and 0.05 N trigger force using a cylindrical-shaped 55 mm probe. On each measuring
day, an average of three mushrooms was measured at each temperature and expressed
as N.

2.5. Microbiology Analysis

Samples (5 g) of He mushrooms, stored at the lower and higher temperatures un-
der evaluation (5 ◦C and 21 ◦C), were randomly selected and aseptically removed using
a flame-sterilized knife and clamp on days 0, 7, and 14 of storage. These temperature
conditions (refrigeration and room temperature) are most relevant to typical mushroom
storage practices. The 13 ◦C condition was included to assess the impact of an inter-
mediate temperature on the intrinsic properties of the mushrooms, rather than their
microbiological quality.

The colony count at 30 ◦C was carried out in accordance with ISO 4833-1 [22], the
psychrophiles microorganisms were determined according to ISO 17410 [23], and the
counting of yeasts and molds was carried out in accordance with ISO 21527-1 [24]. This
analysis determines the number of colony-forming units present in a gram of sample
(log CFU/g).

2.6. Determination of Total Phenolic Content and Antioxidant Capacity

Methanolic extracts were prepared using 2.5 g of mushrooms in 10 mL methanol for
each mushroom sample. The total phenolic content (TPC) was determined by the Folin–
Ciocalteu method [25] with some modification. The extracts (150 µL) were diluted with
nano-pure water (2400 µL) in test tubes, followed by the addition of 0.25 N Folin–Ciocalteu
reagent (Sigma-Aldrich, St. Louis, MO, USA) (150 µL). The mixture was incubated for
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3 min, and 300 µL of 1 N Na2CO3 (Merck Millipore, Burlington, MA, USA) was added. The
final mixture was incubated for 2 h at room temperature in the dark. Spectrophotometric
readings at 725 nm were collected using a JASCO V-530 UV/VIS spectrophotometer (Jasco
International, Tokyo, Japan). The TPC were calculated on the basis of the calibration curve
of gallic acid (r2 = 0.992, y = 3.34x + 0.099) and expressed as gallic acid equivalents (GAE),
per 100 g (mg GAE/100 g) of fresh weight (fw).

The antioxidant capacity was determined through analyses using 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and
the Ferric Reducing Antioxidant Power (FRAP) assays. These methods, based on modi-
fications from Yu et al. [26], assess different antioxidant activities: both DPPH and ABTS
measures lipophilic and/or hydrophilic antioxidants, and FRAP primarily quantifies the
reducing power of water-soluble antioxidants [27,28].

For the DPPH assay, a 24 mg DPPH solution in 100 mL methanol was prepared, and
the stock solution was diluted to achieve an absorbance of 1.1 ± 0.02 at 515 nm. In each
cuvette, 2850 µL of this solution was mixed with 150 µL of Trolox standard, sample, or
methanol (blank). After 2 h, absorbance was measured at 515 nm, with results expressed as
µmol Trolox Equivalents per 100 g of fresh weight (fw) (µmol TE/100 g fw).

For the ABTS assay, an equal volume of potassium persulfate (Fischer Scientific,
Loughborough, UK) (4.8 mM) and ABTS (Sigma-Aldrich, St. Louis, MO, USA) (14 mM)
was mixed, stored in the dark for 16 h at room temperature, and adjusted to an absorbance
of 1.1 ± 0.02 at 734 nm. Then, 2850 µL of the ABTS solution and 150 µL of the sample
or standard were added to cuvettes. After 2 h in the dark, absorbance was measured at
734 nm, with results expressed as µmol TE/100 g fw.

The Radical scavenging activity (RSA; %) was estimated for DPPH and ABTS using
the formula:

RSA(%) =
A0 − A1

A0
× 100, (5)

where A0 is the absorbance value of the ABTS or DPPH solution without samples and A1 is
the absorbance value of samples.

For the FRAP, a solution was prepared by mixing acetate buffer (Sigma-Aldrich,
St. Louis, MO, USA) (0.3 M, pH 3.6), TPTZ (Alfa Aesar, Haverhill, MA, USA) (10 mM
in 40 mM HCl), and ferric chloride (Sigma-Aldrich, St. Louis, MO, USA) (20 mM) in a
10:1:1 ratio. Then, 0.2 mL of the sample, FeSO4 · 7H2O standard, or distilled water (blank)
was added to the cuvette, followed by 1.8 mL of the FRAP solution. The mixtures were
incubated in the dark for 30 min, and absorbance was measured at 593 nm. Results were
expressed as mmol of FeSO4 · 7H2O per 100 g fw.

2.7. Statistical Analysis

All assays were evaluated at least in triplicate. One-way analysis of variance was
used to compare all test data using StatisticaTM V8.0 software [29]. Tukey’s HSD test
(p < 0.05) was used to detect differences between averages of mushrooms’ properties in all
test intervals. Data are expressed as means ± standard deviation (SD).

3. Results and Discussion
3.1. Respiration Measurement

Respiration of the fruiting bodies serves as a reliable indicator of the physiological
aging process in fresh mushrooms, as it reflects metabolic activity influenced by both
temperature and storage duration. The observed changes in O2 and CO2 concentrations
(Figure 1) highlight the temperature-dependent dynamics of mushroom respiration.



Horticulturae 2025, 11, 158 6 of 18
Horticulturae 2025, 11, x FOR PEER REVIEW 6 of 19 
 

 

Figure 1. Changes in the glass jar headspace gas composition CO2 (a) and O2 (b) of Hericium erinaceus 
(He) mushroom, at different temperatures (5 °C, 13 °C and 21 °C) during storage. Values are expressed 
as the mean ± SD of three replicates. Different letters indicate significant differences (p < 0.05). 

At higher temperatures (21 °C), O2 levels decreased rapidly, while CO2 levels 
increased sharply, peaking after just two days. This rapid shift suggests accelerated 
metabolic activity under these conditions, which is consistent with the microbial 
proliferation typically seen in this perishable product at elevated temperatures (see below 
3.4.). In contrast, mushrooms stored at lower temperatures (5 °C and 13 °C) exhibited a 
slower and more gradual change in gas composition, which is indicative of reduced 
metabolic rates. Previous studies have examined the impact of temperature on respiration, 
revealing that low temperatures effectively inhibit the respiration process [30,31]. Our 
findings line up with these observations, demonstrating a clear correlation between 
temperature and respiration rate, with higher temperatures leading to a higher 
respiration. Additionally, Xu et al. [19] reported that storage time significantly influences 
mushroom respiration, with CO2 production increasing over time, a trend consistent with 
our results. 

The stabilization of CO2 levels after peaking at higher temperatures may result from a 
decline in metabolic substrate availability or the onset of advanced degradation processes 
that inhibit normal respiration. This pattern correlates with previous studies on Agaricus 
bisporus and Lentinula edodes, where elevated temperatures were similarly linked to 
heightened respiration rates and faster quality deterioration [32]. Therefore, temperature is 
a key determinant of postharvest quality and shelf life in perishable products like 
mushrooms. These products remain metabolically active after harvesting, with respiration 
continuing during storage, making time–temperature control crucial throughout the supply 
chain. Storage temperature significantly impacts metabolic processes, including respiration, 
microbial growth, and enzymatic activity, all of which contribute to physiological aging and 
product deterioration [33]. By slowing metabolic activity, refrigeration effectively reduces 
the physiological and biochemical changes that lead to quality deterioration, ensuring the 
mushrooms retain their freshness and market value for longer periods [34]. 

3.2. Physicochemical Parameters Evaluation 

The initial moisture content (MC; %) of fresh He mushrooms was 90.7 ± 0.2%, consistent 
with previous reports on the high-water content typical of fresh mushrooms [35]. 
Throughout storage, moisture content decreased significantly, especially at room 
temperature (21 °C), where it dropped ≈13% by day 7. This reduction in MC indicates water 
loss due to evaporation, which contributes to textural changes and quality degradation. In 
contrast, MC remained more stable at 5 °C and 13 °C, suggesting that refrigeration 

Figure 1. Changes in the glass jar headspace gas composition CO2 (a) and O2 (b) of Hericium erinaceus
(He) mushroom, at different temperatures (5 ◦C, 13 ◦C and 21 ◦C) during storage. Values are expressed
as the mean ± SD of three replicates. Different letters indicate significant differences (p < 0.05).

At higher temperatures (21 ◦C), O2 levels decreased rapidly, while CO2 levels in-
creased sharply, peaking after just two days. This rapid shift suggests accelerated metabolic
activity under these conditions, which is consistent with the microbial proliferation typi-
cally seen in this perishable product at elevated temperatures (see below Section 3.4). In
contrast, mushrooms stored at lower temperatures (5 ◦C and 13 ◦C) exhibited a slower
and more gradual change in gas composition, which is indicative of reduced metabolic
rates. Previous studies have examined the impact of temperature on respiration, revealing
that low temperatures effectively inhibit the respiration process [30,31]. Our findings line
up with these observations, demonstrating a clear correlation between temperature and
respiration rate, with higher temperatures leading to a higher respiration. Additionally,
Xu et al. [19] reported that storage time significantly influences mushroom respiration, with
CO2 production increasing over time, a trend consistent with our results.

The stabilization of CO2 levels after peaking at higher temperatures may result from a
decline in metabolic substrate availability or the onset of advanced degradation processes
that inhibit normal respiration. This pattern correlates with previous studies on Agaricus
bisporus and Lentinula edodes, where elevated temperatures were similarly linked to height-
ened respiration rates and faster quality deterioration [32]. Therefore, temperature is a key
determinant of postharvest quality and shelf life in perishable products like mushrooms.
These products remain metabolically active after harvesting, with respiration continuing
during storage, making time–temperature control crucial throughout the supply chain.
Storage temperature significantly impacts metabolic processes, including respiration, mi-
crobial growth, and enzymatic activity, all of which contribute to physiological aging and
product deterioration [33]. By slowing metabolic activity, refrigeration effectively reduces
the physiological and biochemical changes that lead to quality deterioration, ensuring the
mushrooms retain their freshness and market value for longer periods [34].

3.2. Physicochemical Parameters Evaluation

The initial moisture content (MC; %) of fresh He mushrooms was 90.7 ± 0.2%, con-
sistent with previous reports on the high-water content typical of fresh mushrooms [35].
Throughout storage, moisture content decreased significantly, especially at room temper-
ature (21 ◦C), where it dropped ≈13% by day 7. This reduction in MC indicates water
loss due to evaporation, which contributes to textural changes and quality degradation.
In contrast, MC remained more stable at 5 ◦C and 13 ◦C, suggesting that refrigeration
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effectively slows the dehydration process and helps retain the quality of the mushrooms
over time.

Monitoring pH levels is crucial for evaluating the evolution of food preservation, as
variations in pH, often driven by bacterial metabolism, can indicate microbial contamination
and subsequent food deterioration [36]. The initial pH value of He (5.8 ± 0.1) was found
to be slightly lower than those in related studies, such as pH values for flours made from
Pleurotus ostreatus and Agaricus bisporus, which ranged from 6.1 to 6.2 [37]. Over the course
of storage, a consistent trend of decreasing pH was observed, particularly at 21 ◦C, where
pH values fluctuated but ended higher (5.82 ± 0.09) on day 7. This is indicative of dynamic
microbial and perhaps also biochemical activity. At lower temperatures (5 ◦C and 13 ◦C),
the decline in pH was more gradual, suggesting that microbial metabolism and organic
acid production were slower under these conditions.

Interestingly, the results contrast with findings from López-Gómez et al. [38], who
reported an increase in pH during storage of Agaricus species, potentially due to differences
in species, initial microbial load, or storage conditions.

Titratable acidity (TA) followed an inverse pattern to pH, increasing steadily during
storage, particularly at 21 ◦C, where it reached 0.31 ± 0.03% by day 7. The rise in acidity is
consistent with the production of organic acids by microbial fermentation, which serves as a
critical spoilage indicator. The higher TA at 21 ◦C reflects more rapid microbial proliferation
and metabolic activity compared to the slower rate of acid accumulation observed under
refrigeration. This observation underscores the dual role of pH and TA as complementary
indicators of spoilage and stability in stored mushrooms (Table 1).

Table 1. Physicochemical parameters of He mushrooms at three different temperature conditions
during storage.

Storage
Temperature

(◦C)
Days MC

(% w/w) pH TA
(% CA)

5

0 90.7 ± 0.2 a 5.70 ± 0.08 bcd 0.17 ± 0.00 bf

2 89.3 ± 1.1 a 5.43 ± 0.05 a 0.19 ± 0.01 bcf

4 87.7 ± 1.2 a 5.57 ± 0.19 abcd 0.24 ± 0.01 acd

7 90.0 ± 0.9 a 5.46 ± 0.04 ac 0.24 ± 0.01 acd

13

0 90.3 ± 0.3 a 5.73 ± 0.05 bd 0.17 ± 0.00 b

2 89.9 ± 2.6 a 5.61 ± 0.07 abcd 0.24 ± 0.04 acde

4 89.2 ± 3.0 a 5.51 ± 0.06 acd 0.21 ± 0.00 bcdf

7 90.6 ± 6.4 a 5.43 ± 0.04 a 0.30 ± 0.01 ae

21

0 90.4 ± 0.3 a 5.79 ± 0.06 b 0.10 ± 0.01 b

2 87.1 ± 1.1 a 5.68 ± 0.19 abcd 0.26 ± 0.01 ade

4 81.2 ± 4.5 b 5.57 ± 0.08 abcd 0.28 ± 0.02 ae

7 79.0 ± 4.2 b 5.82 ± 0.09 b 0.31 ± 0.03 e

Means ± SD within the same column followed by different letters are significantly different (Tukey’s test,
p < 0.05).

Dehydration during the post-harvest period is a critical factor contributing to the
deterioration of mushroom quality. The reduction in moisture levels results from cellular
damage and internal water transfer within the mushroom tissue [14]. This physiologi-
cal process not only accelerates the degradation of quality but also manifests in visible
symptoms such as shrinkage, textural changes, and weight loss. These factors significantly
impact the marketability and consumer appeal of the mushrooms.

Figure 2 presents the changes in weight loss (WL; %) of He mushrooms under three
storage temperature conditions. At room temperature (21 ◦C), WL was rapid and pro-
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nounced, with mushrooms losing approximately 28% of their initial weight within the first
2 days of storage. The deceleration in WL may be attributed to a decrease in available
surface water as the mushrooms progressively dehydrated. However, the cumulative loss
by day 7 at 21 ◦C rendered the mushrooms severely dried and they became unmarketable.
A weight loss of 5% to 10% is generally considered the threshold beyond which mushrooms
may no longer be marketable due to visible shrinkage and loss of freshness [39].
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Refrigeration effectively maintained WL below the critical 10% threshold. Mushrooms
stored at 5 ◦C experienced minimal WL during the first four days, with a total loss of
approximately 8% by day 7. This demonstrates that low-temperature storage significantly
slows dehydration by reducing both water evaporation and cellular respiration. In compar-
ison, mushrooms stored at 13 ◦C exhibited an intermediate WL rate, surpassing the 10%
threshold by day 4.

These findings underscore that, in the absence of refrigeration, WL during storage is
likely to surpass the recommended threshold, emphasizing the importance of additional
preservation strategies to further extend shelf life and maintain product quality.

3.3. Color and Texture

The visual degradation of He mushrooms during storage is presented in Figure 3,
illustrating the effects of storage temperature on color over time.

Color L* parameter, which represents lightness, is a key indicator of browning, a
common quality issue in stored mushrooms. At the start of storage (t0), mean L* values
were 83.6 ± 3.10. During storage, a decrease in L* values was observed, particularly at
room temperature (21 ◦C), signifying the onset of browning. The Browning Index (BI) is
a specific measure used to quantify the intensity of enzymatic discoloration, particularly
in mushrooms, which occurs due to the interaction between phenolic compounds and
oxidative enzymes such as polyphenol oxidase, showed significant differences by day 4
and day 7 for mushrooms stored at 21 ◦C. The accelerated browning at higher tempera-
tures can be attributed to increased respiration rates, which enhance enzymatic oxidation
of phenolic compounds, as suggested by Cao et al. [40]. Other factors contributing to
membrane damage include mechanical stress, senescence, and the presence of pathogenic
microorganisms [41].
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In contrast, mushrooms stored under refrigerated conditions (5 ◦C and 13 ◦C) main-
tained relatively stable L* and BI values, indicating slower browning progression. For
both temperatures, the L* values (lightness) remained consistent with minor fluctuations,
showing no statistically significant drop that would indicate rapid browning. Similarly, the
BI values under these conditions demonstrated limited variability, further underscoring
the reduced enzymatic browning activity. The absence of significant differences (p > 0.05)
in these values across storage days validates the conclusion that refrigeration effectively
slowed browning processes compared to storage at 21 ◦C, where significant changes were
observed by days 4 and 7.

Also, the a (redness–greenness) and b (yellowness–blueness) parameters provide
valuable insights into the color changes in He mushrooms during storage. At 5 ◦C and
13 ◦C, both parameters remained relatively stable, indicating effective preservation of the
mushrooms’ natural coloration. However, at 21 ◦C, significant increases in a (shift toward
reddish tones) and b (increase in yellowness) were observed, particularly by day 4 and
day 7.

The extent of color change, represented by ∆E, provides a quantitative assessment of
visual degradation. According to Allegretti et al. [42], ∆E values between 3 and 6 indicate
noticeable changes, while values between 6 and 12 represent significant changes, and val-
ues above 12 reflect considerable alterations. For mushrooms stored at room temperature
(21 ◦C), ∆E exceeded 12 after 2 days, indicating severe color degradation. In contrast, under
refrigerated conditions, the ∆E values remained within the “noticeable” range through-
out the storage period, highlighting the effectiveness of low temperatures in preserving
visual quality.

When comparing the color of He mushroom to those of gray oyster mushroom [43]
stored under similar conditions, our results suggest that fresh gray oyster mushrooms
exhibited L values of 52.89–59.70, much lower than the initial L values of He (83.6), reflecting
the naturally lighter color of He. Moreover, we observed that, while gray oyster mushrooms
demonstrated slower browning progression under refrigeration (4 ◦C), He showed relatively
rapid increases in BI and color changes even at 5 ◦C, emphasizing its higher sensitivity
to temperature.
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This increased browning susceptibility in He can be attributed to enzymatic activities,
particularly those driven by oxidative enzymes, which are highly temperature-sensitive
and play a pivotal role in determining critical quality attributes such as color and texture.
Those enzymes, such as polyphenol oxidase, catalyze the oxidation of phenolic compounds,
producing brown pigments that detract from the visual appeal and marketability of mush-
rooms. Elevated storage temperatures exacerbate this enzymatic browning by accelerating
respiration, which increases oxygen availability and promotes oxidative stress and phenolic
oxidation. Although this process is well-documented in species like Agaricus bisporus, it is
equally relevant to He [44]. Consequently, maintaining appropriate temperature conditions
is crucial for mitigating enzymatic discoloration and preserving the sensory and esthetic
qualities of mushrooms.

Firmness is another critical quality parameter that reflects the structural integrity of
mushrooms. According to Liufang et al. [45], during postharvest storage, firmness rapidly
declines as a result of the degradation of cell wall components, which not only shortens
the shelf-life but also increases the risk of microbial contamination. In this study, initial
firmness (51.7 ± 23.2 N) was measured on the fruiting body (Table 2). At 5 ◦C, firmness
showed no significant change from the initial level by the end of the 7-day storage period.
However, at 21 ◦C, a significant drop in firmness was observed as early as day 4, indicating
rapid softening. According to Zivanovic et al. [46] the loss of firmness in mushrooms
is closely tied to cellular changes that occur as they age, particularly due to protein and
polysaccharide degradation, hyphae shrinkage, and central vacuole disruption. Although,
some studies have reported the loss of firmness during refrigerated storage. Gao et al. [47]
have experienced a decrease in firmness from approximately 17 N to 13 N in Agaricus
bisporus stored for 16 days at 4 ◦C. Similarly, Lentinula edodes stored under similar conditions
show a decrease in firmness from 3.4 N to 2.1 N [48]. Zhong et al. [49] reported a loss of
firmness of approximately 14 N in Hericium erinaceus stored at 15 ◦C for 9 days.

Table 2. Color and textural changes in He mushrooms at different temperature conditions during storage.

Parameters Temperature (◦C)
Storage Time (Days)

0 2 4 7

L*
5 81.88 ± 2.39 ab 83.28 ± 1.16 ab 81.27 ± 4.45 ab

13 83.56 ± 3.10 ab 84.76 ± 4.69 ab 86.38 ± 4.72 b 84.98 ± 2.39 ab

21 83.67 ± 3.69 ab 79.16 ± 9.85 ab 76.64 ± 7.23 a

a*
5 −0.72 ± 0.47 b −0.19 ± 0.39 ab −0.33 ± 1.08 ab

13 −0.19 ± 0.62 ab −0.24 ± 0.76 ab −0.37 ± 0.43 ab −0.10 ± 0.63 ab

21 −0.18 ± 0.31 ab 1.69 ± 2.81 bc 2.50 ± 2.14 c

b*
5 15.08 ± 3.87 a 17.28 ± 3.26 ab 17.14 ± 5.93 ab

13 18.03 ± 2.64 ab 15.28 ± 4.13 a 16.13 ± 5.11 a 18.53 ± 3.90 ab

21 19.89 ± 4.92 ab 25.01 ± 7.55 b 24.78 ± 4.43 b

BI
5 19.54 ± 6.24 a 22.68 ± 5.20 a 23.62 ± 11.04 a

13 22.58 ± 3.97 abc 19.68 ± 6.69 a 20.54 ± 7.64 a 24.28 ± 6.91 ab

21 26.96 ± 8.82 abc 42.79 ± 21.21 c 42.35 ± 14.71 bc

TCD
5

-
5.78 ± 3.19 ab 3.04 ± 1.88 a 6.76 ± 4.06 abc

13 5.42 ± 4.39 ab 6.13 ± 4.76 abc 4.48 ± 1.89 ab

21 5.41 ± 3.49 ab 13.49 ± 7.18 c 11.84 ± 6.08 bc

Firmness (N)
5 45.5 ± 5.3 abc 50.3 ± 10.1 abc 58.2 ± 12.7 abc

13 51.2 ± 23.5 abc 42.3 ± 11.2 abc 37.6 ± 4.8 ab 43.9 ± 15.6 abc

21 43.0 ± 7.8 abc 22.5 ± 3.7 a 63.8 ± 29.5 bc

Means ± SD within the same column followed different letters are significantly different (Tukey’s test, p < 0.05).
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Interestingly, an increase in firmness was recorded at day 7 for mushrooms stored
at 21 ◦C. This anomaly may be explained by moisture loss, which often results in a drier
and harder texture, giving the misleading impression of increased firmness. Such changes
underscore the complex interplay between moisture dynamics and structural properties
during storage. To better understand this phenomenon, future studies should incorporate
enzymatic analyses and detailed structural investigations.

Furthermore, no studies were found evaluating the texture of He mushrooms. Given
the unique structure of He, characterized by its long, fleshy spines, its textural behavior
during storage may differ significantly from other mushrooms.

3.4. Microbiology Evaluation

While several studies have evaluated the microbiological quality of fresh mushrooms,
specific data on He remain limited. Microbial load assessments, including aerobic plate
counts (APC), yeasts and molds (Y&M), and psychrotrophic bacteria (PSY), provide crucial
indicators of product safety and spoilage potential. In this study, the initial microbial loads
of He were 4.6, 4.9, and 4.2 log CFU/g, respectively. Microbiological results for mushrooms
stored at 5 ◦C and 21 ◦C are shown in Figure 4. Due to visible spoilage, microbiological
analyses for samples stored at 21 ◦C were terminated after 7 days, highlighting the rapid
microbial proliferation under room temperature conditions.
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The APC exceeded the levels reported for Lentinula edodes and Pleurotus eryngii
(4.3–5.6 log CFU/g at 4 ◦C after 7 days), as stated by Schill et al. [13]. At 21 ◦C, APC
increased rapidly to 7.9 log CFU/g by day 7, a 17% increase compared to refrigerated
samples at the same time. These results indicate that refrigeration at 5 ◦C can delay micro-
bial growth but may not fully ensure safety beyond 7 days, as AP counts surpassed the
Portuguese reference thresholds for food safety [50].

Yeasts and molds (Y&M), being major contributors to food spoilage, are crucial indica-
tors of the storage viability and preservation of the food matrix [36]. YM also contributed
significantly to the spoilage of He. At day 7, Y&M counts were markedly higher in mush-
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rooms stored at 21 ◦C (8.8 log CFU/g) compared to 5 ◦C (5.7 log CFU/g). By day 14,
Y&M counts under refrigeration increased slightly to 6.4 log CFU/g, but this rise was not
statistically significant. The rapid proliferation of Y&M at room temperature underscores
the critical role of refrigeration in controlling fungal growth and preserving the mushrooms’
storage viability. Visible spoilage was observed in mushrooms stored at 21 ◦C as early as
day 7, leading to the termination of further microbiological analysis. The rapid microbial
growth and severe deterioration at room temperature highlight the inadequacy of ambient
storage for He. Even under refrigeration at 5 ◦C, by day 14 microbial counts reached levels
by that compromised the mushrooms’ safety and marketability.

Psychrotrophic bacteria followed a similar growth pattern to mesophilic bacteria,
reflecting their ability to thrive under low temperatures. Initial psychrotrophic counts were
4.2 log CFU/g, comparable to APC levels at 30 ◦C. By day 14, psychrotrophic counts under
refrigeration reached 8.0 log CFU/g, marking a 19% increase during the second week of
storage. Dominance of Pseudomonas spp., a common psychrotrophic spoilage bacterium,
was consistent with findings in other studies on refrigerated mushrooms [10,51,52]. These
results highlight the importance of controlling psychrotrophic populations to maintain the
quality and safety of refrigerated He.

The results for He align with findings for other mushrooms, such as Agaricus bisporus
and Pleurotus ostreatus [38], where microbiological contaminations increased significantly
during storage at similar conditions. However, the rapid proliferation of microbial popula-
tions at 21 ◦C for He suggests a higher spoilage susceptibility compared to other species,
probably due to the morphology of the fruiting body.

This study underscores the essential role of refrigeration (5 ◦C) in slowing microbial
growth and extending the shelf life of He. However, even under refrigeration, microbial
proliferation restricts the mushrooms’ shelf life to approximately seven days. According to
the recommended limits set by the Portuguese National Institute of Health [50], microbial
counts should remain below 106 CFU/g, underscoring the need for additional post-harvest
preservation techniques to ensure the safety and marketability of the studied mushroom.

3.5. Total Phenolic Content and Antioxidant Capacity

Phenolic compounds are important bioactive substances with antioxidant, antibacte-
rial, and anti-inflammatory properties [53]. Their ability to neutralize free radicals plays a
significant role in protecting cells from oxidative damage, making them vital indicators of
the functional quality of foods [54]. In this study, the total phenolic content (TPC) of He
was evaluated during storage under different temperature conditions, with antioxidant
capacity assessed using DPPH, ABTS, and FRAP assays to provide a robust analysis of the
mushrooms’ antioxidant properties.

The TPC result for the He, 35.8 mg GAE/100 g fresh weight (fw), are consistent with
values reported in the literature (3.27–3.99 mg GAE/g dry basis (db)) [55,56].

Over storage, the TPC of mushrooms stored at room temperature (21 ◦C) increased
markedly, nearly doubling by day 7 compared to the initial values (Figure 5). This increase
may be attributed to moisture loss, which concentrates phenolic compounds, as well as the
potential stimulation of phenolic compound synthesis or release under oxidative stress at
higher temperature [57]. On the other hand, TPC changes at lower temperatures (5 ◦C and
13 ◦C) were relatively modest, indicating that refrigeration mitigates the conditions that
promote significant phenolic content alterations.
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The initial antioxidant activity measured by DPPH was 2244 µmol TE/100 g fw. At the
start of storage, DPPH scavenging activity was similar across all temperatures (31.9%) with
no significant differences (p > 0.05) (Figure 6a). These values contrast with those reported
by Gasecka et al. [57], who observed a higher inhibition rate of 76%. This discrepancy
may be attributed to variations in extraction protocols and cultivation practices, including
differences in substrate composition and environmental conditions during growth. Such
factors can significantly influence the bioactive compound profile and antioxidant activity
of mushrooms [58,59].

During the first four days, the activity increased slightly across all conditions, reflecting
a rise in antioxidant potential. By day 7, mushrooms stored at 21 ◦C showed a substantial
increase in DPPH activity, reaching 50%, significantly higher than those stored at 5 ◦C
(27%) and 13 ◦C (29%) (p < 0.05). The elevated DPPH activity at higher temperatures line
up with studies by Bakir et al. [60], which found that low temperatures generally reduce
antioxidant activity in mushrooms. Although the samples were harvested on the same day
and stored under identical conditions, variations in maturity, indicated by differences in
spine length, along with uneven levels of discoloration, likely accounted for the higher
standard deviation observed.

The initial antioxidant activity measured by ABTS was 7461 µmol TE/100 g fw. Con-
sistent with the DPPH results, the ABTS scavenging activity (Figure 6b) at the beginning
of storage showed no statistically significant differences across all temperatures (p > 0.05),
with values averaging approximately 33.1%. However, by day 4, samples stored at 21 ◦C
exhibited a marked increase, reaching 64%, and further increased to 64% by day 7. In
contrast, mushrooms stored at 5 ◦C and 13 ◦C showed stable and lower scavenging activity
over the storage period (28% and 33%, respectively). These results suggest that higher
temperatures enhance the release or activation of antioxidant compounds [61], possibly
due to stress responses in the mushroom tissue.

FRAP values were similar across all temperatures, approximately 0.9 mmol
FeSO4·7H2O/100 g fw. Over time, FRAP values increased significantly in mushrooms
stored at 21 ◦C, highlighting a marked enhancement in antioxidant potential. In con-
trast, samples stored at 5 ◦C and 13 ◦C exhibited a slower and more gradual increase,
with final values significantly lower (p < 0.05) than those at 21 ◦C, showing differences of
approximately 82% and 62%, respectively.
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This consistent pattern across DPPH, ABTS, and FRAP assays highlights the role
of elevated temperatures in stimulating oxidative stress responses, thereby enhancing
antioxidant activity.

In this study, a positive correlation (p < 0.05; r = 0.5901, r = 0.6061, and r = 0.6701) was
found between TPC and DPPH, ABTS and FRAP, respectively. The observed correlation
between phenolic and antioxidant capacity was consistently positive, indicating that higher
phenolic content exerts a beneficial influence on antioxidant capacity. This finding corre-
lates with previous studies [62,63], which suggest that phenolic compounds significantly
contribute to the antioxidant capacity of mushrooms.

The observed high standard deviation in TPC and antioxidant activity may be at-
tributed to the inherent heterogeneity in the bioactive composition of He. Variability in the
levels of phenolic compounds and antioxidant activity is common across different parts
of the mushroom (e.g., cap, stipe, or mycelium) due to differential distribution of these
compounds. Previous studies have shown that various mushroom species exhibit distinct
TPC and antioxidant profiles depending on the part of the mushroom analyzed, such as
the cap and stipe [64–66].

4. Conclusions
This research emphasizes the significant impact of storage temperature on the post-

harvest quality and shelf life of He. Among the conditions evaluated, storing at 5 ◦C
was found to be the most effective in minimizing weight loss, browning, and microbial
contamination, while preserving firmness and essential physicochemical characteristics.
In contrast, higher storage temperatures, although negatively affecting texture and over-
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all quality, led to higher concentrations of bioactive compounds, including phenolics
and antioxidants.

The results demonstrate a complex interplay between storage temperature and product
quality. While refrigeration is crucial for maintaining market readiness and safety, higher
temperatures may boost bioactive compound levels, but this comes at the cost of other
quality attributes. This study highlights the need to develop innovative preservation
methods that balance these findings to maximize the health benefits of the mushroom
without compromising shelf life or marketability.

The practical implications of this study are vital for reducing waste and enhancing
the sustainability of He in the marketplace. By utilizing optimized storage strategies, it
is possible to extend the mushroom’s shelf life and decrease post-harvest losses, thus
supporting its commercial success.

However, the research also points to the necessity of further exploration into alternative
preservation technologies. Investigating solutions like edible coatings, vacuum sealing,
and advanced packaging systems will be key in devising more effective ways to maintain
product quality while meeting safety standards. Continued research will be essential in
striking a balance between reducing waste and enhancing the functional properties of He.
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