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Abstract

Mushroom cultivation offers a sustainable route to convert agro-industrial residues into
nutritious food while reducing environmental waste. Macrocybe indica (basionym Calocybe
indica) is a particularly attractive basidiomycete for mushroom production in warm climates.
This study evaluated four substrates—wheat straw (WHS), beech sawdust (BSD), and their
combinations with grape marc (GMW and GMB, respectively)—with and without a casing
layer, by assessing M. indica cultivation performance and the bioactive compound content of
the mushrooms produced. Wheat straw with casing exhibited the highest yield and biolog-
ical efficiency (153%), indicating that straw-based substrates are preferable for commercial
production. Grape marc incorporation reduced yield but significantly enhanced protein
content, total phenolics, antioxidant activity, ergosterol, and several individual phenolic
acids and triterpenic compounds, with strong substrate–mushroom correlations observed
for protocatechuic acid, caffeic acid, and ursolic acid. Beech sawdust-based substrates
favoured β-glucan and ergothioneine content. ATR-FTIR spectroscopy combined with
Principal Component Analysis showed clear differentiation in the composition of mush-
rooms grown on substrates with or without grape marc. These findings reveal a functional
trade-off between agronomic efficiency and nutraceutical enhancement, demonstrating
that strategic substrate selection can direct M. indica cultivation toward either maximum
yield and/or enhanced functional food value, supporting circular bioeconomy approaches
to mushroom cultivation.

Keywords: Calocybe indica; bioactive compounds; biological efficiency; ergosterol; ergothioneine;
glucan; milky mushroom; mushroom substrate; phenolics; triterpenes
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1. Introduction
To ensure a healthy future for both people and the planet, the growing population

must be fed in a manner that is healthy, equitable, and sustainable. Mushroom cultivation
can substantially contribute to these goals, since it represents a biotechnological process
that converts agro-industrial by-products into highly nutritious food by simultaneously
reducing pertinent waste streams [1]. However, mushroom cultivation often involves
energy-intensive practices, such as the regulation of environmental parameters including
temperature, humidity, and aeration. Temperature control, in particular, constitutes a major
operational cost, since most commercially cultivated mushroom species thrive in relatively
cool environments (temperatures from 10 ◦C to 20 ◦C). Among edible fungi, Macrocybe
indica (Purkay. & A. Chandra) Khalid, F. Razzaq & Haqnawaz [2], commonly known as the
“milky mushroom” (and until recently appearing as Calocybe indica in scientific literature),
has attracted significant interest within the mushroom sector due to its distinct ability to
produce high-quality mushrooms in warm climates and in temperatures of 30–38 ◦C [3].
Such physiological adaptability represents a clear advantage over most other cultivated
species, especially in tropical and subtropical regions or during the summer season in
temperate climates. In addition, cultivation of this species is advantageous due to low
investment requirements, shorter growth period and extended mushroom shelf-life, making
it a cost-effective and practical choice for industrial production under warm conditions.

M. indica is known for its high nutritional value, being a rich source of protein, es-
sential amino acids, fiber, vitamins, and minerals [4,5]. Additionally, it contains bioactive
compounds such as polysaccharides, phenolic compounds, and antioxidants, which con-
tribute to its reported medicinal value, including immunomodulatory, anti-inflammatory,
antimicrobial, anticoagulant, and antitumor properties [6,7]. These characteristics make M.
indica not only a valuable food source but also a promising functional food with potential
health benefits.

Moreover, this species demonstrates adaptability to a variety of substrates, allow-
ing the use of various agro-residues as alternative cultivation media [8–10]. The type of
substrate is recognized as a key determinant of mushroom productivity, nutritional com-
position and bioactive properties across many cultivated mushroom species, including M.
indica, Pleurotus spp., Cyclocybe cylindracea, and Hericium erinaceus [9,11–13]. Therefore, sub-
strate selection provides an effective strategy to improve not only cultivation performance
but also the functional and health-promoting properties of edible mushrooms.

This study focuses on investigating the influence of various substrates and production
techniques, including the use of a casing layer, on selected cultivation parameters, nutri-
tional composition, and bioactive properties of M. indica. By analyzing the mushroom’s
response to various agro-industrial by-products and cultivation practices, the study aims
to identify suitable substrate combinations and management strategies, for improving
fruitbody production and enhancing the mushroom’s bioactive potential, contributing to
both sustainable agriculture and human nutrition.

2. Results and Discussion
2.1. Evaluation of Cultivation Performance of Macrocybe indica on Various Substrates

Cultivation parameters for M. indica on various substrates with or without the ap-
plication of a casing layer are presented in Table 1. Incubation lasted 21 days across all
treatments, while the time to primordia formation (earliness) ranged between 29 and
34 days, being 1 to 4 days shorter on substrates where casing layer was applied and/or to
which grape marc was added. The overall cropping period varied only slightly (61–69 days),
indicating that substrate composition had little influence on the time progression of the
crop cycle. In contrast, significant differences were observed in yield, biological efficiency
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(BE), productivity, and average mushroom weight, which were strongly affected by both
substrate type and the application of a casing layer.

Table 1. Cultivation parameters for Macrocybe indica mushrooms produced on four substrates, i.e.,
WHS: wheat straw, GMW: grape marc plus wheat straw (1:1 w/w), BSD: beech sawdust, GMB:
beech sawdust plus grape marc (1:1 w/w) with or without a casing layer. Values are expressed as
means ± standard deviation (n = 4). Different superscript letters (a–f) indicate statistically significant
differences (Duncan’s t-test. p < 0.05) for comparison of treatment means between different substrates.

Casing Substrate
Layer WHS GMW BSD GMB

Incubation
(days)

No 21.0 ± 0.0 a 21.0 ± 0.0 a 21.0 ± 0.0 a 21.0 ± 0.0 a

Yes 21.0 ± 0.0 a 21.0 ± 0.0 a 21.0 ± 0.0 a 21.0 ± 0.0 a

Earliness
(days)

No 34.0 ± 3.0 a 33.0 ± 4.4 a,b 32.3 ± 1.5 a,b 31.0 ± 1.0 a,b

Yes 33.0 ± 3.0 a,b 29.0 ± 1.0 b 30.3 ± 1.5 a,b 29.0 ± 1.0 b

Cropping period (days) No 62.0 ± 8.0 a 62.7 ± 6.7 a 63.3 ± 9.1 a 61.7 ± 11.7 a

Yes 69.0 ± 5.0 a 61.7 ± 2.1 a 63.0 ± 10.2 a 61.7 ± 2.1 a

Yield 1st flush
(g)

No 206.0 ± 24.0 b 231.3 ± 57.5 b 139.7 ± 45.4 c 144.7 ± 8.3 c

Yes 325.5 ± 25.5 a 242.7 ± 14.7 b 187.7 ± 35.0 b,c 194.7 ± 14.6 b,c

Yield 2nd flush
(g)

No 40.9 ± 16.9 a,b 52.5 ± 9.8 a,b 59.3 ± 24.4 a,b 32.3 ± 7.6 b

Yes 76.5 ± 23.5 a,b 105.3 ± 60.4 a 83.3 ± 58.5 a,b 70.0 ± 10.6 a,b

Total yield
(g)

No 247.6 ± 6.4 c,d,e 350.9 ± 108.3 a,b,c 210.1 ± 35.5 d,e 191.2 ± 19.8 e

Yes 457.1 ± 82.6 a 400.2 ± 83.5 a,b 288.6 ± 26.8 c,d,e 312.1 ± 15.4 b,c,d

Biological efficiency (%) No 82.7 ± 2.2 b,c,d 90.0 ± 27.8 b,c 48.9 ± 8.3 e,f 36.4 ± 3.8 f

Yes 152.7 ± 27.6 a 102.7 ± 21.4 b 67.2 ± 6.2 c,d,e 59.3 ± 2.9 d,e,f

Productivity No 1.4 ± 0.1 b,c 1.4 ± 0.3 b,c 0.8 ± 0.3 d 0.6 ± 0.1 d

Yes 2.3 ± 0.6 a 1.7 ± 0.3 b 1.1 ± 0.3 c,d 1.0 ± 0.1 c,d

Mushroom weight (g) No 67.6 ± 41.7 a 55.0 ± 32.6 a 61.5 ± 24.4 a 27.4 ± 3.6 a

Yes 82.7 ± 58.5 a 49.8 ± 10.6 a 50.0 ± 21.0 a 50.8 ± 29.9 a

The highest yield was obtained on wheat straw (WHS) with the application of a casing
layer, where the total yield reached 457 g with a BE of 152.7% and a productivity of 2.3. Av-
erage fruitbody weight in this treatment was also relatively high (82.7 g), underscoring the
suitability of wheat straw as a substrate for M. indica. In contrast, the poorest performance
was recorded on grape marc mixed with beech sawdust (GMB) without casing, which
resulted in total yield of only 191 g, a BE of 36.4%, and a productivity of 0.6. Application
of a casing layer consistently improved yields across all substrates, although the extent
of improvement varied. For example, the casing layer almost doubled BEs in WHS and
GMW as compared with the non-cased treatments, while in BSD and GMB the increase was
less pronounced. These findings confirm the importance of casing in enhancing both yield
and earliness since it accelerates primordia formation and maintains surface moisture con-
ducive to sporophore development. Average mushroom weight did not differ significantly
among treatments, indicating that yield differences were mainly attributed to variations in
fruitbody number rather than size.

The results of the present study confirm that straw-based substrates constitute the
most efficient cultivation media for M. indica, in agreement with most previous studies.
Both rice straw and wheat straw have been repeatedly reported to provide the highest bio-
logical efficiency (BE) and overall productivity compared with other agro-residues [8,14–16].
Rice straw is most frequently identified as the optimal substrate, with reported BE values
ranging from 80% to nearly 200%, depending on cultivation conditions and supplemen-
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tation [8,14,16]. However, several studies indicate that wheat straw can perform equally
well or even outperform rice straw under specific conditions, particularly in terms of yield
stability and protein content [17,18]. Overall, the outcome of previous studies consistently
supports the superiority of straw-based substrates over materials such as sawdust, cotton
waste, bamboo leaves, or sugarcane residues.

The performance of the substrates examined in the present study can be partly ex-
plained by their chemical composition (Table 2). Wheat straw (WHS) exhibited a high
hemicellulose content (26.3% dry weight) combined with relatively low lignin levels (11.9%
dry weight), a combination that is considered favorable for rapid enzymatic degradation
and efficient carbon utilization by lignocellulolytic fungi. In contrast, beech sawdust (BSD)
showed the highest lignin (15.9% dry weight) and cellulose (48.1% dry weight) contents,
factors that limit substrate biodegradability and, consequently, mushroom productivity.
Similar relationships between lignin content and reduced yield have been reported for
Pleurotus spp. cultivated on various substrates [11], supporting such conclusions.

Table 2. Crude composition, Total Phenolic Content (TPC), and Content in Individual Phenolic
Compounds, and Triterpenic Compounds as Determined in four Macrocybe indica mushroom cultiva-
tion substrates, i.e., WHS: wheat straw, GMW: grape marc plus wheat straw (1:1 w/w), BSD: beech
sawdust, GMB: beech sawdust plus grape marc (1:1 w/w). Values (%dry weight) are expressed as
means ± standard deviation (n = 4). Different superscript letters (a–d) indicate statistically significant
differences (Duncan’s t-test. p < 0.05) for comparison of treatment means between different substrates.

Substrates
WHS GMW BSD GMB

Moisture 70.0 ± 0.3 a 61.0 ± 0.2 b 57.0 ± 0.3 c 47.4 ± 0.1 d

Crude protein 12.0 ± 1.3 a 11.57 ± 1.1 a 14.5 ± 2.3 a 15.1 ± 1.7 a

Crude fat 1.3 ± 0.4 c 5.0 ± 0.1 a 0.3 ± 0.1 d 3.6 ± 0.3 b

Total carbohydrates 81.1 ± 2.4 a 78.6 ± 1.6 a 83.8 ± 1.5 a 78.5 ± 1.4 a

Ash 5.62 ± 0.2 4.91 ± 0.1 1.41 ± 0.0 2.81 ± 0.2
Hemicellulose 26.3 ± 0.9 a 15.6 ± 0.4 c 21.8 ± 0.0 b 16.6 ± 0.7 c

Cellulose 31.8 ± 2.9 b 26.7 ± 1.5 b 48.1 ± 3.6 a 32.8 ± 3.0 b

Lignin 11.9 ± 0.1 c 10.0 ± 0.1 d 15.9 ± 0.2 a 13.7 ± 0.2 b

TPC (mg GAE/
100 g d.w) 621 ± 83 c 3638 ± 23 a 715 ± 19 c 3486 ± 40 b

Individual phenolics
p-OH-benzoic acid 570.3 ± 6.5 c 1072.0 ± 13.1 a 513.3 ± 28.5 c 922.0 ± 145.0 b

p-OH-phenylacetic
acid 299.3 ± 79.5 b 437.3 ± 59.5 a 58.0 ± 12.1 c 260.7 ± 40.5 b

Protocatechuic acid 146.0 ± 49.7 c 1304.7 ± 116.5 a 378.3 ± 9.5 b 1401 ± 201.2 a

Syringic acid 1692.3 ± 91.5 b 1032.3 ± 102.5 b 4944.3 ± 106.5 a 4422.3 ± 711.5 a

Hydroxycinnamic acids
Caffeic acid 893.3 ± 237.5 c 2699.3 ± 198.5 a 213.7 ± 27.4 d 2070.7 ± 25.6 b

Sinapic acid 378.7 ± 81.5 c 659.0 ± 54.8 b 310.3 ± 43.3 c 1008.0 ± 62.3 a

Vanilin 250.0 ± 51.6 b 307.9 ± 21.8 b 377.5 ± 41.9 a 275.2 ± 14.8 b

Tyrosol 22.4 ± 5.2 c 461.4 ± 4.1 a 27.5 ± 2.4 c 198.4 ± 5.2 b

3-4-OH-
Phenylacetic N.D. 274.0 ± 28.9 a N.D. 286.3 ± 95.5 a

Vanillic acid 1280.1 ± 71.8 b 1131.7 ± 98.9 b 1270.1 ± 64.2 b 2022.0 ± 169.6 a

Gallic acid 64.2 ± 16.7 b 108,547.3 ± 11,223.3 a 603.7 ± 21.6 b 134,948.0 ± 45,522.0 a

Chrysin 18,750.1 ± 295.8 c 36,566.5 ± 1175.2 a 7176.3 ± 839.5 d 24,483.6 ± 6288.4 b

Epicathechin N.D. 13,433.1 ± 1012.2 a 1054.0 ± 72.0 b 16,938.4 ± 4479.2 a

Catechin N.D. 13,518.9 ± 1196.2 a 6990.3 ± 541.6 b 20,124.2 ± 7242.6 a

Kampherol 1071.7 ± 247.6 c 64,097.4 ± 2714.0 a 1500.6 ± 196.4 c 34,115.4 ± 8672.2 b

Quercetin 1414.1 ± 84.9 c 38,666.3 ± 243.8 a 3768.9 ± 373.9 c 27,285.8 ± 2367.0 b

Triterpenic acids
Oleanolic acid 4363.0 ± 2101.0 c 5,374,934.3 ± 142,281.5 a 3666.3 ± 287.5 c 2,324,025.7 ± 882,178.5 b

Ursolic acid N.D. 551.2 ± 39.8 a N.D. 524.9 ± 24.8 a
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The incorporation of grape marc into both straw- and sawdust-based substrates re-
sulted in pronounced compositional shifts that explain the reduced biological efficiency
observed, particularly in the GMB treatment. In both substrates, grape marc supplemen-
tation substantially decreased hemicellulose content (WHS: 26.3% vs. GMW: 15.6%; BSD:
21.8% vs. GMB: 16.6% dry weight) and modified cellulose levels (Table 2), thereby limiting
the availability of readily accessible structural carbohydrates required for efficient fungal
growth. At the same time, grape marc addition led to a marked increase in total phenolic
content (TPC) (GMW: 3638 and GMB: 3486 mg GAE/100 g dry weight), compared to the
non-supplemented substrates (WHS: 621 and BSD: 715 mg GAE/100 g dry weight). Al-
though this enrichment enhances the antioxidant and bioactive potential of the substrates,
grape marc also contains recalcitrant polyphenols and lipophilic fractions that may partially
interfere with lignocellulolytic enzymatic activity and overall substrate biodegradability, as
previously reported for Pleurotus species cultivated on phenolic-rich olive mill residues [13].

In addition to the substrate itself, the application of a casing layer proved to be a
critical factor for successful cultivation of M. indica. Consistent with earlier studies, casing
effectively stimulated primordia initiation and increased yield by improving moisture re-
tention, gas exchange, and microbial signaling at the substrate surface [9,18,19]. Peat-based
casing materials, applied at a thickness of approximately 2–3 cm, are widely regarded as op-
timal, although alternative materials such as spent mushroom compost, vermicompost, or
manure-based mixtures have also been reported to substantially enhance yield [10,14,16,20].

2.2. Effect of Substrate Composition and Casing Layer on the Nutritional Profile of Macrocybe
indica Mushrooms
2.2.1. Crude Composition

The nutritional composition of M. indica fruitbodies was strongly influenced by sub-
strate type and, to a lesser extent, by the application of a casing layer (Table 3). Mushrooms
cultivated on grape marc-amended substrates (GMW and GMB) exhibited the highest
protein content, reaching up to 22.9% dry weight, whereas non-amended straw (WHS)
and beech sawdust (BSD) substrates produced mushrooms with lower protein (16–17%).
This trend is related to the nitrogen content of the substrates (Table 2), since grape marc
incorporation increased total nitrogen and, indirectly, crude protein in the fruitbodies. This
response may be associated with increased nitrogen availability and its potential effects on
amino acid and protein biosynthesis, as previously suggested in the literature [21]; however,
these mechanisms were not directly investigated in the present study. Such a relationship
between substrate nitrogen and mushroom protein content has been repeatedly reported
for M. indica and other cultivated mushrooms: nitrogen-rich substrate supplementation
has been shown to increase protein levels from approximately 14% to over 23% [9], while
similar trends have been observed in other species such as Pleurotus ostreatus and Cyclocybe
cylindracea, where mushroom protein content was positively correlated with substrate
nitrogen availability [11,22].

An inverse relationship between protein and total carbohydrates was also evident.
Treatments exhibiting higher protein levels (GMW and GMB) contained less carbohydrates,
whereas the highest carbohydrate values were recorded in mushrooms grown on BSD
with casing. This trade-off may reflect changes in fungal carbon partitioning, whereby
increased nitrogen availability favors the allocation of carbon skeletons towards amino
acid and protein biosynthesis, rather than carbohydrate accumulation [21]. Similar protein–
carbohydrate trade-offs have been reported for M. indica [9], while carbohydrate content
was positively correlated with substrate lignocellulosic fractions such as cellulose and
hemicellulose in the case of P. ostreatus [11]. The present results support this trend, as
substrates characterized by higher structural polysaccharide content (e.g., BSD; Table 2)
produced mushrooms with increased carbohydrate levels.
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Table 3. Crude composition of Macrocybe indica mushrooms produced on four substrates, i.e., WHS:
wheat straw, GMW: grape marc plus wheat straw (1:1 w/w), BSD: beech sawdust, GMB: beech
sawdust plus grape marc (1:1 w/w) with or without a casing layer. Values (%dry weight, except
of gross energy: kcal 100 g−1 dry weight) are expressed as means ± standard deviation (n = 4).
Different superscript letters (a–e) indicate statistically significant differences (Duncan’s t-test. p < 0.05)
for comparison of treatment means between different substrates.

Casing Substrate
WHS GMW BSD GMB

Crude protein No 16.87 ± 1.51 c 21.09 ± 2.76 a,b 16.69 ± 1.38 c 22.87 ± 0.83 a

Yes 16.14 ± 0.72 c 19.12 ± 1.75 b,c 16.18 ± 0.91 c 22.86 ± 1.72 a

Crude fat
No 4.73 ± 0.42 a 2.27 ± 0.53 c 4.40 ± 2.66 a,b 2.83 ± 0.29 a,b,c

Yes 3.41 ± 1.08 a,b,c 1.95 ± 0.02 c 1.85 ± 0.33 c 2.43 ± 0.15 c

Crude fibre
No 10.34 ± 1.00 a,b,c 9.17 ± 0.61 a,b,c 11.61 ± 3.03 a 10.98 ± 1.95 a,b

Yes 9.26 ± 0.60 a,b,c 8.56 ± 1.14 b,c 7.90 ± 1.20 c 8.95 ± 0.36 a,b,c

Total
carbohydrates

No 70.86 ± 2.35 b,c,d 69.78 ± 2.91 c,d 73.29 ± 2.66 a,b,c 67.26 ± 1.04 c

Yes 74.35 ± 0.90 a,b 72.92 ± 1.89 b,c 76.91 ± 0.79 a 68.20 ± 2.34 c

Ash
No 7.55 ± 0.41 a 6.86 ± 0.09 a,b 5.62 ± 0.17 d,e 7.04 ± 0.39 a,b

Yes 6.11 ± 0.55 c,d 6.01 ± 0.19 c,d 5.06 ± 0.22 e 6.50 ± 0.72 b,c

Gross energy No 393.44 ± 0.48 a,b 383.91 ± 2.30 b 399.49 ± 13.62 a 385.97 ± 2.86 b

Yes 392.61 ± 3.17 a,b 385.71 ± 0.68 b 389.03 ± 2.49 b 386.16 ± 3.48 b

Crude fat content was generally low across all treatments, with the highest values
in WHS and BSD without casing (4.4–4.7%) versus significantly lower fat values in grape
marc-amended substrates (2–2.8%). One possible explanation is that substrate nitrogen
availability alters fungal carbon allocation and lipid metabolism. Increased nitrogen avail-
ability may favor biomass production and amino acid biosynthesis at the expense of
lipid accumulation, whereas nutrient limitation has been shown to trigger extensive lipid
metabolic remodeling in fungi [21,23]; this is also consistent with literature reports indicat-
ing that nitrogen or phenolic-rich substrate supplements can reduce lipid accumulation in
fruitbodies [9,24]. Similar substrate-dependent variations have been reported for P. ostreatus
and C. cylindracea, where mushroom lipid content was positively correlated with substrate
C/N ratio and cellulose content [11]. Such relationships may partly explain the higher fat
levels observed in the lignocellulose-rich substrates examined in the present study.

Crude fibre followed a similar substrate-dependent trend, with sawdust-based treat-
ments showing slightly higher fibre content, likely reflecting the elevated amount of lig-
nocellulosics in BSD (Table 2). Ash content showed moderate variation among substrates,
with slightly higher values recorded in grape marc-amended treatments. This observation is
consistent with the relatively elevated mineral content of grape marc-containing substrates
(Table 2), suggesting efficient transfer of mineral elements from substrate to fruitbodies.
Similar substrate-driven differences in mineral composition have been documented in
various mushroom species, where ash and metal content were strongly influenced by the
nature of the substrate [25,26]. Gross energy values varied within a narrow range across all
treatments, indicating that substrate-induced compositional changes did not substantially
affect the overall caloric density of mushrooms.

Overall, these results are consistent with previously reported ranges for M. indica,
where crude protein can vary from 10 to 40% depending on the type of substrate and
supplementation used [9,18,24,27], total carbohydrates range between 26 and 82%, and
crude fat generally remains below 5% [3,5,9,27]. Variations in the values reported across
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studies may reflect differences in mushroom strain, substrate composition, cultivation
conditions, and analytical procedures.

The casing layer exerted moderate effects on composition, slightly reducing protein
and fat while increasing carbohydrate content in most treatments. These changes may
reflect altered nutrient partitioning during fructification, as casing promotes yield through
enhanced moisture retention and primordia formation, without substantially modifying
the overall nutritional profile [9,18].

2.2.2. Antioxidant Activity

Edible mushrooms are widely recognized as an important source of natural antiox-
idants due to their content in phenolic compounds and other bioactive metabolites. In
particular, M. indica has been reported to exhibit considerable antioxidant potential, largely
attributed to phenolic constituents and related secondary metabolites [6,7].

In the present study, radical scavenging activity (DPPH) varied significantly among
substrates, with the highest value recorded in mushrooms cultivated on the GMB substrate
without casing (100.9 mmol TE/100 g dry weight), followed by those produced on uncased
WHS (76.7 mmol TE/100 g dry weight). Notably, the application of a casing layer consis-
tently resulted in lower DPPH radical-scavenging activity across all substrates (Table 4).
Total phenolic content (TPC) also varied considerably among treatments, ranging from TPC
98.3 to 590.5 mg GAE/100 g dry weight, with the highest concentrations detected in mush-
rooms produced on grape marc-amended substrates (Table 4). This response may reflect
both the increased availability of phenolic precursors in grape marc and the ability of ligno-
cellulolytic fungi to enzymatically release, biotransform, or synthesize phenolic compounds
during substrate colonization. The variation in DPPH activity did not fully correspond
with that of TPC across treatments, indicating that radical-scavenging capacity cannot be
attributed solely to the total amount of phenolic compounds. Differences in the phenolic
profile, as well as the contribution of other antioxidant constituents present in mushroom
extracts, may also influence the observed antioxidant response. Such metabolic responses
are commonly associated with fungal oxidative metabolism and may contribute to the
enhanced antioxidant capacity of the resulting fruitbodies [28]. In addition, antioxidant
activity was assessed using the DPPH assay alone; therefore, future studies incorporat-
ing complementary assays, such as ABTS or FRAP, could provide a more comprehensive
characterization of the antioxidant properties of M. indica fruitbodies.

The significant impact of substrate composition on phenolic content and antioxidant
activity is well-documented for M. indica [9,29]. In particular, substrates enriched with
phytochemical-rich materials have been shown to significantly increase mushroom TPC
and enhance radical scavenging activity [9]. Similar trends have also been reported for
other cultivated species, such as Hypsizygus ulmarius, Pleurotus citrinopileatus, P. eryngii and
P. ostreatus, where the use of phenolic-rich residues (e.g., grape marc or nut shells) resulted
in increased phenolic content in the produced fruitbodies [13,30,31].

Furthermore, the elevated TPC levels recorded in mushrooms grown on GMW and
GMB substrates were positively associated with the phenolic content of the correspond-
ing substrates (Table 2), as supported by a correlation between substrate and mushroom
phenolic concentrations (r = 0.72, p < 0.05). This relationship may be compatible with
mechanisms previously proposed in the literature, including the selective uptake of low-
molecular-weight phenolics and/or the enzymatic biotransformation of substrate-derived
polyphenols into fungal metabolites [28,32]. Alternatively, exposure to phenolic-rich sub-
strates may stimulate fungal secondary metabolism through oxidative stress signaling,
potentially enhancing the de novo biosynthesis of antioxidant metabolites [33].
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Table 4. Antioxidant activity (DPPH), total phenolic (TPC), ergosterol, ergothioneine and glucan
contents in Macrocybe indica mushrooms cultivated on four substrates, i.e., WHS: wheat straw, GMW:
grape marc plus wheat straw (1:1 w/w), BSD: Beech sawdust and GMB: grape marc plus beech
sawdust (1:1 w/w) with or without a casing layer. Values are expressed as means ± standard
deviation (n = 4). Different superscript letters (a–e) indicate statistically significant differences
(Duncan’s t-test. p < 0.05) for comparison of treatment means between different substrates.

Casing Substrate
WHS GMW BSD GMB

DPPH (mmol TE/100 g d.w.) No 76.7 ± 4.3 b 36.9 ± 7.7 c 35.4 ± 5.4 c 100.9 ± 11.1 a

Yes 35.3 ± 6.3 c 29.5 ± 7.1 c 23.9 ± 7.6 c 67.8 ± 5.4 b

TPC (mg GAE/100 g d.w.) No 210.7 ± 21.3 d 342.9 ± 40.4 b,c 306.0 ± 17.2 c 590.5 ± 6.9 a

Yes 155.7 ± 20.1 d,e 161.5 ± 27.2 d,e 98.3 ± 19.1 e 359.5 ± 4.5 b

Ergosterol (mg/g d.w.) No 5.8 ± 2.6 e 11.5 ± 1.3 a 8.1 ± 2.0 c,d 12.1 ± 3.0 a

Yes 9.2 ± 1.4 b,c 7.2 ± 0.5 d,e 5.3 ± 1.4 e 10.6 ± 1.5 a,b

Ergothioneine (µg/g d.w.) No 55.9 ± 1.3 d 124.8 ± 18.7 b 73.4 ± 3.6 d 153.1 ± 14.8 a,b

Yes 108.1 ± 15.1 c 132.2 ± 8.1 b 184.8 ± 25.9 a 189.6 ± 12.9 a

α-glucans (% d.w.) No 11.9 ± 0.3 a,b 10.9 ± 1.2 b 7.5 ± 0.5 c,d 7.7 ± 0.3 c,d

Yes 13.0 ± 0.0 a 6.0 ± 2.0 d 8.0 ± 1.0 c 7.7 ± 0.6 c,d

β-glucans (% d.w.) No 28.1 ± 4.8 b 24.0 ± 1.4 b 38.6 ± 5.1 a 34.8 ± 0.8 a

Yes 25.0 ± 5.0 b 27.3 ± 4.2 b 36.3 ± 1.5 a 36.0 ± 1.0 a

2.2.3. Ergosterol

Ergosterol is the principal sterol of fungal cell membranes and a key bioactive
compound of nutritional importance since it serves as the natural precursor of vitamin
D2 following exposure to UV radiation. It may inhibit intestinal cholesterol absorp-
tion [34], while it also possesses antimicrobial, antioxidant, anticancer, antidiabetic and
anti-neurodegenerative properties [35]. In the present study, ergosterol content in M. indica
mushrooms varied significantly among substrates and cultivation treatments, ranging from
5.3 to 12.1 mg/g dry weight, with the highest values recorded in mushrooms produced on
grape marc-amended substrates (GMW and GMB), particularly in the absence of casing.

The observed differences suggest a strong influence of substrate composition on
ergosterol biosynthesis. Notably, grape marc-containing substrates (Table 2) are known
to be rich in bioactive lipophilic compounds, including squalene, which constitutes a
key precursor in the sterol biosynthetic pathway [36]. Furthermore, in most cases, the
application of a casing layer negatively affected ergosterol content, showing a reduction
of up to 37% in GMW substrate. It should also be noted that ergosterol levels may be
influenced by additional factors such as developmental stage, genetic background and post-
harvest conditions, as well as by exposure to UV radiation, which can convert ergosterol to
vitamin D2 [27,37].

2.2.4. Ergothioneine

Ergothioneine (ET) is a naturally occurring sulfur-containing amino acid with strong
antioxidant activity, widely recognized for its cytoprotective, anti-inflammatory and neu-
roprotective properties [38]. It cannot be synthesized in the human body, and edible
mushrooms represent one of its richest natural sources [39]. In M. indica, ergothioneine has
been identified as a major bioactive compound contributing significantly to the antioxidant
activity of the species [3].

In the present study, ergothioneine content varied considerably among treatments,
ranging from 55.9 to 189.6 µg/g dry weight, with the highest values recorded in mushrooms
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cultivated on BSD and GMB substrates with casing. In contrast to phenolic compounds
and ergosterol, the application of a casing layer generally resulted in increased ET content,
particularly in sawdust-based substrates. The observed variations may be attributed to
differences in substrate chemical composition and nutrient availability. Substrates based on
beech sawdust (BSD and GMB), which are characterized by higher lignocellulosic content
and a distinct nutrient profile (Table 2), may promote metabolic pathways associated with
ergothioneine biosynthesis. This may be due to differences in substrate nutrient compo-
sition which influence metabolic flux through the ergothioneine biosynthetic pathway,
depending on the availability of histidine and sulfur-containing metabolites [40]. Moreover,
the degradation of more recalcitrant lignocellulosic substrates may impose greater oxidative
and metabolic demands on the mycelium, thereby stimulating ergothioneine biosynthesis
as part of the intracellular antioxidant defense system of the fungus [41].

Similar substrate-dependent variations have also been reported in Pleurotus spp.,
where the use of various agro-residues resulted in significant differences in ergothioneine
content of the fruitbodies [30,42]. Furthermore, its content has been shown to vary during
mushroom development, typically increasing towards intermediate maturity stages and
declining at full maturity, highlighting the importance of harvest timing [43]. It should
be noted that the ergothioneine values recorded in the present study are lower than those
reported for several Pleurotus species, where values may exceed 1000 µg/g dry weight, but
remain within the range reported for other cultivated mushrooms, highlighting species-
specific differences in ergothioneine biosynthesis [1].

2.2.5. Glucans

Glucans constitute major structural polysaccharides of fungal cell walls, with β-
glucans playing a key role in maintaining cell wall integrity, while also representing some
of the most important bioactive compounds due to their well-documented immunomodu-
latory, antioxidant, anticoagulant and prebiotic properties [6,44].

In the present study, β-glucans were the dominant fraction, ranging from 24.0% to
38.6% dry weight, whereas α-glucans were found to be consistently lower (6.0–13.0%
dry weight). The highest β-glucan contents were recorded in mushrooms cultivated on
wood-based substrates (BSD and GMB, up to 38.6% dry weight), while lower values were
observed in WHS- and GMW-derived samples. In contrast, α-glucans were higher in WHS
treatments (13.0% dry weight), and were significantly reduced in GMW samples (as low as
6.0% dry weight). The application of a casing layer had no consistent effect on β-glucan
content, which remained relatively stable across substrates. In contrast, α-glucans exhibited
a substrate-dependent response, increasing in WHS, decreasing substantially in GMW,
and showing little or no change in BSD and GMB. Such patterns can be partly explained
by the chemical composition of the substrates (Table 2). Substrates with higher cellulose
and lignin contents, e.g., BSD and GMB, were associated with increased β-glucan content,
suggesting a positive relationship between recalcitrant lignocellulosic fractions and the
synthesis of structural polysaccharides in mushrooms. Fungal growth on more recalcitrant
lignocellulosic substrates requires continuous hyphal extension and cell wall remodeling,
thereby increasing the demand for β-glucans, the major structural polysaccharides of the
fungal cell wall. Moreover, lignocellulose degradation is often accompanied by the release
of phenolic compounds and the generation of reactive oxygen species (ROS), which have
been proposed to stimulate β-glucan biosynthesis through the activation of β-glucan syn-
thase (GLS) and related cell wall biosynthetic pathways, representing an adaptive response
to oxidative stress [45]. This observation is consistent with previous findings indicating
that substrates rich in structural carbohydrates favor the synthesis of cell wall components
such as glucans and chitin. Conversely, substrates supplemented with grape marc (GMW

https://doi.org/10.3390/recycling11100179

https://doi.org/10.3390/recycling11100179


Recycling 2026, 11, 179 10 of 22

and GMB), despite their high phenolic content, exhibited reduced hemicellulose, cellulose
and lignin content, which may partly explain the differentiation between α- and β-glucan
fractions, reflecting shifts in carbon allocation and metabolic regulation.

The observed trends are in agreement with literature data for M. indica, where β-glucan
content typically ranges between 20 and 25% dry weight but may increase depending
on the substrate used and cultivation conditions [9]. Substrates rich in lignocellulosic
residues, such as straw and sugarcane waste, have been reported to promote higher β-
glucan content, whereas less complex substrates result in lower content [46,47]. Similar
substrate-dependent effects have also been reported in other mushroom species, including
Pleurotus spp., Ganoderma lucidum and Hericium erinaceus, although in some cases glucan
content appears less sensitive to substrate variation, indicating species-specific metabolic
responses [12,30,48].

2.2.6. Individual Phenolic Compounds and Triterpenic Acids

Phenolic compounds represent one of the most important groups of bioactive sec-
ondary metabolites in edible mushrooms, contributing substantially to their antioxidant,
anti-inflammatory, antimicrobial, and functional food properties [32]. In M. indica, previous
studies have reported a broad spectrum of phenolic acids, flavonoids, and related com-
pounds, including gallic, protocatechuic, caffeic, ferulic, vanillic, syringic, and p-coumaric
acids, as well as catechin, epicatechin, quercetin, and resveratrol, which collectively con-
tribute to its recognized nutraceutical potential [3,6]. However, significant variation among
strains, developmental stages, and substrate types indicates that cultivation conditions
strongly influence the phenolic profile of this species.

In the present study, eight individual phenolic compounds and two triterpenic acids
were identified in M. indica fruitbodies, with the nature of substrate exerting a pronounced
effect on their content (Figure 1). Among the identified compounds, cinnamic acid was the
predominant phenolic across all mushroom samples, ranging from 768.8 to 2035.3 µg/g dry
weight, despite being below detection limits in all cultivation substrates prior to inoculation
(Table 2). This finding indicates that cinnamic acid is predominantly produced through
endogenous fungal biosynthesis rather than a result of direct uptake from the cultivation
substrate. Nevertheless, substrate composition may indirectly influence its content by
modulating aromatic metabolism and the activity of secondary metabolic pathways. Since
cinnamic acid represents a central intermediate in fungal aromatic metabolism, its elevated
concentrations—particularly in mushrooms cultivated on grape marc-amended substrates
such as GMW and GMB—suggest that phenolic-rich residues may stimulate de novo
phenolic biosynthesis through enhanced precursor availability, metabolic induction, or
oxidative stress-mediated regulation of secondary metabolism.

Figure 1. Cont.
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Figure 1. Individual phenolic compounds and triterpenic compounds in Macrocybe indica mushrooms
cultivated on four substrates, i.e., WHS: wheat straw, GMW: grape marc plus wheat straw (1:1 w/w),
BSD: Beech sawdust and GMB: grape marc plus beech sawdust (1:1 w/w) with or without a casing
layer as indicated in the figure legend. Values (µg/g dry weight) on vertical axes are expressed as
means ± standard errors (n = 4). Different letters (a–e) indicate statistically significant differences
(Gabriel’s t-test, p < 0.05) for comparisons of treatment means between different substrates.

Particularly notable was the strong substrate-fruitbody relationship observed for sev-
eral compounds. Protocatechuic acid and 3,4-dihydroxyphenylacetic acid were exclusively
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or predominantly detected in mushrooms grown on grape marc-containing substrates,
with strong positive correlations between substrate and mushroom concentrations (r = 0.94
and r = 0.91, respectively; p < 0.05). Similarly, caffeic acid exhibited an exceptionally
strong correlation (r = 0.99, p < 0.05), consistent with a direct substrate influence on mush-
room chemical composition. These findings indicate that substrate-derived phenolics can
contribute to mushroom composition through selective uptake, enzymatic biotransforma-
tion and subsequent accumulation. However, the extent to which individual compounds
accumulate most likely depends on the balance between substrate-derived precursors
and endogenous fungal biosynthesis. Thus, the phenolic profile of M. indica appears to
result from two complementary processes: (i) de novo synthesis of fungal metabolites,
particularly for compounds such as cinnamic acid, and (ii) selective uptake and/or bio-
transformation of substrate-derived phenolics, especially for compounds showing strong
substrate–fruitbody correlations. Such mechanisms have been previously proposed for
Pleurotus mushrooms cultivated on polyphenol-rich agro-industrial residues [13] or from a
wide range of other fungi grown on grape pomace [49]. Biotransformation of plant-derived
phenolics by ligninolytic enzymes, including laccases and peroxidases, may further con-
tribute to the conversion of substrate phenolics into lower-molecular-weight metabolites
that subsequently accumulate in fungal tissues [28].

Sinapic acid displayed moderate substrate-dependent variation and a positive but
non-significant correlation with substrate concentrations (r = 0.60), indicating partial sub-
strate influence combined with substantial endogenous metabolic regulation. Moreover,
p-hydroxybenzoic acid and syringic acid followed inverse patterns, with WHS-derived
mushrooms generally containing higher concentrations than those originating from grape
marc-based substrates, suggesting selective metabolic redirection rather than uniform
enhancement of all phenolic fractions.

Regarding triterpenic acids, both oleanolic and ursolic acids were significantly affected
by substrate type. Oleanolic acid content ranged from 171.2 to 1196.2 µg/g dry weight,
with the highest levels being recorded in mushrooms cultivated on GMB substrate, while
ursolic acid values were generally elevated in grape marc-amended treatments. Ursolic acid
exhibited a strong and statistically significant positive correlation between substrate and
mushroom concentrations (r = 0.82, p < 0.05), indicating that substrate composition strongly
influences ursolic acid accumulation, although the relative contribution of substrate-derived
compounds vs. de novo biosynthesis cannot be distinguished from the data available.
Oleanolic acid also showed a positive correlation (r = 0.65), although not statistically
significant, suggesting that both substrate composition and fungal metabolism contribute
to its final content.

The application of casing generally exerted moderate and compound-specific effects,
occasionally increasing cinnamic acid concentrations, while it exhibited a variable im-
pact on phenolic acids and triterpenes. These effects likely reflect altered developmental
physiology and nutrient partitioning during fructification rather than direct substrate
chemical modification.

2.3. Spectroscopic and Principal Component Analysis

The recorded ATR-FTIR spectra of the produced M. indica mushrooms cultivated
on the various substrates (Figure 2) showed differences mainly in absorption intensities,
reflecting variations in their overall chemical composition. Due to the complex nature of
mushroom matrices, several absorption bands may represent overlapping contributions
from different classes of biomolecules and should therefore not be regarded as specific
markers of individual compounds. The broad band around 3300 cm−1 may include contri-
butions from N–H stretching vibrations of proteins (Amide A), as well as O–H stretching
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vibrations of phenolic compounds, certain triterpenoids, and water [50–52]. The bands at
2926 and 2856 cm−1 are mainly associated with symmetric and asymmetric CH2 stretching
vibrations, whereas the band around 1741 cm−1 is commonly attributed to C=O stretch-
ing of lipid-related compounds. The region around 1633 cm−1 may contain overlapping
contributions from C=O stretching of proteins (Amide I) and aromatic C=C stretching of
phenolic compounds [50,53], as well as N–H bending vibrations of flavonoids [48,54]. The
band around 1555 cm−1 is primarily associated with N–H bending of secondary amides
(Amide II) and C–N stretching vibrations [50]. The band near 1411 cm−1 may originate
from symmetric COO− stretching vibrations of fatty and amino acids and bending vibra-
tions of methyl groups in proteins [55]. Finally, the region between 1200 and 900 cm−1

is dominated by C–O–C, C–O, and C–C stretching vibrations mainly associated with
polysaccharides [56–58]. Overall, these assignments should be interpreted as indicative
of the major classes of biomolecules contributing to each spectral region rather than as
compound-specific identification.

Figure 2. Recorded ATR-FTIR spectra of Macrocybe indica mushrooms, cultivated on various substrates,
with marked the regions of interest.

The recorded ATR-FTIR spectra were further analyzed using Principal Component
Analysis (PCA) to investigate possible clustering patterns according to the cultivation
substrate. The score plot obtained by comparing the first and third principal components
of the spectra, previously pre-treated by Multiplicative Scatter Correction (MSC) and
mean-centering, revealed a clear separation mainly between mushrooms cultivated on
substrates containing grape marc and those cultivated on substrates without grape marc
(Figure 3a). These two principal components explained a relatively high proportion of the
total spectral variance (67%; Supplementary Figure S1). Examination of the corresponding
loading profiles, particularly the PC3 loadings, indicated that the observed separation
was associated with spectral regions around 3200, 1645, 1572, and 1385 cm−1 (Figure 3b).
These regions comprise overlapping vibrational bands that may originate from several
classes of biomolecules, including proteins and phenolic compounds, and therefore cannot
be considered specific markers of individual compound classes in such a complex bio-
logical matrix. Nevertheless, the spectral differentiation observed by PCA is consistent
with the compositional differences independently determined by the chemical analyses
(Tables 3 and 4).
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Figure 3. (a) Score plot and grouping of the performed Principal Component Analysis on the recorded
ATR-FTIR spectra of the Macrocybe indica mushrooms; and (b) loading plot of the third principal
component (PC3), with the spectral regions of interest marked.

3. Materials and Methods
3.1. Chemicals and Reagents

The chemicals used in this study, including ergosterol, p-hydroxybenzoic acid, gal-
lic acid, p-coumaric acid, p-hydroxyphenylacetic acid, ursolic acid, 2,4,6-tris(2-pyridyl)-
s-triazine (TPTZ), and ergothioneine, were sourced from Sigma (Steinheim, Germany).
Folin–Ciocalteu reagent, bis(trimethylsilyl)-trifluoroacetamide (BSTFA), 1,1-diphenyl-2-
picrylhydrazyl (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
oleanolic acid, and 3-(4-hydroxyphenyl)-1-propanol were obtained from Aldrich (Stein-
heim, Germany). Cholesterol and vanillic acid were purchased from Serva (Heidelberg,
Germany). Methimidazole (internal standard) was supplied by Thermo Fischer (Erlenbach-
weg, Germany).

3.2. Fungal Strain and Mushroom Cultivation Process

For this study, a commercial strain of Macrocybe indica (Basidiomycota, Agaricales) was
used. The strain is routinely maintained on potato dextrose agar and stored in the culture
collection of the Laboratory of General and Agricultural Microbiology at the Agricultural
University of Athens, under the accession code ‘LGAM 201’. Grape marc obtained from
a local winery, beech sawdust sourced from a wood processing facility located in Athens,
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and wheat straw kindly provided by Dirfis Mushrooms SA (Evoia, Greece), were used to
prepare the substrates for mushroom cultivation. These raw materials were combined to
generate the following four substrates: (a) GMW: a 1:1 mixture of grape marc and wheat
straw (w/w); (b) GMB: a 1:1 mixture of grape marc and beech sawdust (w/w); (c) WHS:
wheat straw; and (d) BSD: beech sawdust. In all substrates, soybean flour was incorporated
at 10% (w/w, on a dry weight basis) as a nitrogen-rich supplement. The 1:1 (w/w) grape
marc incorporation ratio was selected based on previous experiments by our research
group, in which 50% (w/w) grape marc supplementation provided a suitable balance
between cultivation performance and enhancement of bioactive compounds compared
with lower incorporation levels [11,13], while higher proportions may adversely affect
substrate structure and aeration.

The substrates were sterilized twice at 121 ◦C for 1 h under 1.1 atm in 1 kg polypropy-
lene autoclavable bags. Cereal grain spawn of M. indica was prepared according to the
method previously described [11] and inoculated into the sterilized substrates at a rate
of 3% (w/w). Incubation was carried out at 27 ◦C in the dark. Once the substrates were
fully colonized, the bags were opened, and a 2 cm casing layer consisting of peat moss
and CaCO3 (2:1 w/w) was applied to four of the eight replicates for each substrate, the
remaining four being maintained without casing. The environmental conditions were
controlled as follows: relative humidity at 95 ± 2%, temperature at 30–32 ◦C, and light
intensity at 700 lumen/m2 for 16 h/day using fluorescent lamps. After the formation of
mushroom primordia, CO2 levels were kept below 1200 ppm, relative humidity at 80 ± 2%,
and light intensity at 1000 lumen/m2 for 12 h/day until the end of the cultivation cycle.

To evaluate the effects of each substrate on mushroom production and cultivation
efficiency, the following parameters were assessed [11]: (a) the duration of each stage of
the mushroom crop cycle (incubation, primordia formation, and total cultivation period,
including harvest of three flushes); (b) earliness (the time from inoculation to the appear-
ance of primordia); (c) mushroom yield (the fresh weight of the mushrooms produced);
(d) average mushroom weight (calculated as the total yield divided by the total number
of fruitbodies harvested); (e) biological efficiency (BE), expressed as the percentage of
fresh mushroom weight relative to the dry weight of the substrate; and (f) productivity,
determined as the ratio of BE to the cultivation period length (in days).

3.3. Preparation of Substrate and Mushroom Samples for Analysis

Four distinct samples were taken from each substrate (collected immediately after
preparation and before inoculation with the fungus) for the analysis of selected compounds.
Additionally, four mushroom samples (all collected from the first flush) were analyzed for
each substrate. The samples were freeze-dried using a Telstar Cryodos apparatus (Telstar
Industrial, S.L., Terrassa, Spain). The resulting dried material was finely ground into a
powder, placed in sealed plastic bags, and stored in the dark at −20 ◦C prior to analysis.

3.4. Crude Composition of Mushrooms and Substrates

Ash, crude fiber, crude protein, and crude fat contents of mushrooms were de-
termined following the methods described by AOAC [59]. Crude protein content of
mushroom samples was calculated based on the total nitrogen content using a con-
version factor of 4.38, which is commonly applied to mushrooms to account for their
relatively high proportion of non-protein nitrogen [60]. Nitrogen-free extracts (total
carbohydrates) were calculated using the formula 100 − (protein + fat + ash con-
tents). Gross energy (kcal per 100 g dry weight) was estimated using the equation
energy = 4 × (g protein + g carbohydrate) + 9 × (g fat) [61].
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For the determination of the crude composition of the substrates, samples were ana-
lyzed for their content of ash, crude fiber, crude protein, and crude fat, as previously de-
scribed. Crude protein content of substrate samples was calculated from the total nitrogen
content using a conversion factor of 6.25 [62]. Neutral detergent fiber (NDF), acid detergent
fiber (ADF), and acid detergent lignin (ADL) were quantified following the method of
Goering and Van Soest [63]. Lignin content was estimated as ADL, while hemicellulose
and cellulose contents were calculated as NDF − ADF and ADF − ADL, respectively.

3.5. Determination of Glucans

The total and α-glucan contents were determined using the Mushroom and Yeast Beta-
Glucan assay kit (Megazyme Int., Bray, Ireland) following the manufacturer’s instructions.
The β-glucan content was calculated by subtracting the α-glucan content from the total
glucan content.

3.6. Phenolics Extraction

Phenolic compounds were extracted following a previously established method with
slight modifications [64]. Briefly, 0.5 g of freeze-dried mushroom sample was extracted with
10 mL of methanol at room temperature by shaking for 48 h in the dark. The extracts were
separated by centrifugation at 2500 rpm for 10 min, and the residues were re-extracted with
2.5 mL of methanol for 2 h. The two extract portions were combined, and the methanol
volume was reduced to 2 mL using a rotary evaporator (Rotavapor-R, Büchi Labortechnic
AG, Flawil, Switzerland). The resulting extracts were then sealed in GC vials and stored at
−20 ◦C.

3.7. Assessment of Antioxidant Activity and Total Phenolic Content

The antioxidant activity of the methanolic extracts was evaluated by assessing their
radical scavenging capacity using the DPPH antiradical-activity (AAR) assay, as described
by Arnous et al. [65]. Trolox was employed as the calibration standard, and the results were
expressed as millimoles of Trolox equivalents (TEs) per 100 g of dry mushroom weight.

The total phenolic content (TPC) in the methanolic extracts of mushrooms was de-
termined using the Folin–Ciocalteu assay, modified for micro-scale by Arnous et al. [65].
Absorbance was measured at 750 nm using a U-2001 spectrophotometer (Hitachi Instru-
ments Inc., Tokyo, Japan). Gallic acid was employed for the calibration curve, and the
results were expressed as milligrams of gallic acid equivalents (mg GAE) per 100 g of
dried mushrooms.

3.8. Determination of Individual Phenolic Compounds and Triterpenic Acids

A selective ion monitoring gas-chromatography mass-spectrometry (SIM-GC–MS)
technique was used to detect target phenolic compounds and triterpenic acids, following
the procedure described by Kalogeropoulos et al. [64]. This method relies on the comparison
of retention times and the ratios of two to three fragment ions of each compound with
those of commercially available pure standards [66]. In brief, 2 g of freeze-dried samples
were extracted with 40 mL of methanol for 48 h in the dark at room temperature. After
centrifugation, the residues were re-extracted with 10 mL of methanol for 2 h. Once the
solvent was removed, the extract was re-dissolved in 1 mL of methanol, and the phenolic
compounds and triterpenic acids were derivatized to their trimethylsilyl (TMS) ethers.
Quantification was performed using target and qualifier ions of commercial standards at
predetermined ratios, with 3-(4-hydroxyphenyl)-1-propanol used as the internal standard.
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3.9. Determination of Ergosterol

Ergosterol was isolated and quantified following the procedure outlined by Sapozh-
nikova et al. [67], with minor modifications. In brief, 100–200 mg of freeze-dried samples
were spiked with a cholesterol standard solution as the internal standard and subjected
to hot saponification with 3 M KOH in methanol for 60 min at 60 ◦C. The unsaponifiable
fraction was extracted with hexane, and sterols were derivatized into trimethylsilyl ethers
(TMS) after treatment with BSTFA at 70 ◦C for 20 min. To minimize light exposure, all
manipulations were carried out under reduced lighting conditions. The TMS derivatives
were analyzed using GC–MS on an Agilent HP 6890N gas chromatograph (Waldbronn, Ger-
many) coupled with an HP 5973 mass selective detector, operating under electron impact
ionization (70 eV) on an HP-5MS capillary column, as described by Koutrotsios et al. [20].
Ergosterol concentration was determined by constructing a seven-point calibration curve
in the range of 0–600 µg, using cholesterol as the internal standard.

3.10. Determination of Ergothioneine

For the recovery of ergothioneine from M. indica samples, a procedure similar to that
described by Sapozhnikova et al. [67], with modified centrifugation conditions, was applied,
as outlined by Tsiantas et al. [68]. The identification and quantification of ergothioneine in
mushrooms were performed using a previously developed liquid chromatography–mass
spectrometry (LC-MS/MS) method [30]. For extraction, 100 mg of mushroom powder was
mixed with 10 mL of an extraction solvent (water:methanol 1:4, v/v). The mixture was
vortexed vigorously (Falc Instruments, Bergamo, Italy) for 20 min and then centrifuged
(Centrifuge Z32 HK; Hermle, Wehingen, Germany) for an additional 20 min at 3650 rcf. Sub-
sequently, 8 mL of the supernatant was freeze-dried, and the dry residue was collected for
further analysis. Methimidazole was used as the internal standard for LC-MS/MS analysis.

The chromatographic separation of ergothioneine and methimidazole was performed
using a Kromasil C18 column (100 mm × 2.1 mm i.d., 3.5 µm particle size; Nouryon,
Amsterdam, The Netherlands). Analytes were separated by gradient elution with solvent
A (water containing 0.1% formic acid) and solvent B (acetonitrile). The gradient started at
30% solvent A, increased to 50% over 10 min, and then returned to 30% at 15 min. The flow
rate was set to 0.2 mL/min, and the samples were diluted to acetonitrile:water (70:30, v/v).
The injection volume was 10 µL, and the column temperature was set at 25 ◦C.

The mass spectrometer used was a 3D quadrupole ion trap LCQ FLEET (Thermo Fisher
Scientific, Waltham, MA, USA), equipped with electrospray ionization (ESI) in positive
mode. Ergothioneine was quantified by the mass transition from m/z 230.1 to 186.1 using
single reaction monitoring (SRM), while methimidazole was detected using the parent ion
at m/z 114.9. Ergothioneine content was determined using a calibration curve with the peak
area ratio (a.u.) = 0.030C + 0.011 (R2 = 0.998) in the concentration range of 2.5–35 µg/mL.
All measurements were conducted in triplicate, and the LC-MS/MS data were processed
using Xcalibur software (version 4.2, Thermo Fisher Scientific, Waltham, MA, USA).

3.11. Attenuated Total Reflection FOURIER Transform Infrared (ATR-FTIR)
Spectroscopic Analysis

The FTIR spectra of the substrates (prior to inoculation with fungi) and the produced
mushrooms were recorded using a Spectrum Two FTIR spectrometer (Perkin Elmer Inc.,
Waltham, MA, USA) equipped with a Diamond ATR sampling technique, utilizing the
Spectrum 10 spectroscopy software. For each sample, 32 scans were performed in the
infrared range between 4000 and 400 cm−1 at a resolution of 4 cm−1. Measurements were
conducted in triplicate and averaged. The recorded spectra were ATR-corrected using a
diamond refractive index of 1.5, followed by smoothing with the Savitzky–Golay algorithm
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(total smoothing window of 9 points, and a second-order polynomial). Further, the spectra
were linearly baseline-corrected and normalized by the mean using SpectraGryph 1.2.7
software (https://www.effemm2.de/spectragryph/, accessed on 1 May 2026).

3.12. Statistical Analysis

All chemical analyses and tests were carried out in quadruplicate. The results are
presented as mean ± standard deviation (SD). To assess differences between means, one-
way analysis of variance (ANOVA) followed by Duncan’s multiple range test at a 5%
significance level was applied (IBM SPSS Statistics 21). Prior to ANOVA, the assumptions
of normality and homogeneity of variances were assessed using the Shapiro–Wilk and
Levene’s tests, respectively. Pearson’s correlation coefficient was utilized to evaluate
relationships between variables, with significance levels set at 0.05 and 0.01. To further
explore the underlying information, Principal Component Analysis (PCA) was conducted
on the recorded ATR-FTIR spectra of the produced mushrooms cultivated on various
substrates, after Multiplicative Scatter Correction and mean centering. Both the PCA and
the spectral transformations were carried out using RStudio (Build 526), loaded with the
“ade4” and “adegraphics” packages.

4. Conclusions
The present study demonstrates that Macrocybe indica can be effectively cultivated on

the four evaluated agro-industrial residues, while the type of substrate and the application
of a casing layer significantly affect not only the cultivation parameters but also the nutri-
tional and functional profile of the mushrooms produced. Among the substrates evaluated,
wheat straw with casing exhibited the highest cultivation performance, with a biological
efficiency of 152.7%. Although grape marc incorporation reduced cultivation performance,
it substantially enhanced selected bioactive compounds; notably, in uncased mushrooms,
the GMB substrate increased total phenolic content by approximately 93% (from 306.0 to
590.5 mg GAE/100 g dry weight) and ergosterol content by approximately 49% (from 8.1
to 12.1 mg/g dry weight) compared with the corresponding BSD substrate.

Grape marc-based substrates significantly improved mushroom protein content, to-
tal phenolics, antioxidant activity, ergosterol, and several individual phenolic acids and
triterpenic compounds, highlighting a functional trade-off between cultivation efficiency
and nutraceutical enhancement. Particularly, strong positive associations between sub-
strate and mushroom concentrations for protocatechuic, 3,4-dihydroxyphenylacetic, caffeic,
and ursolic acids indicate that substrate composition directly shapes fungal secondary
metabolite profiles through selective uptake, biotransformation, and/or metabolic induc-
tion. Conversely, the consistently high content of cinnamic acid, despite its absence in
substrates, indicates active endogenous fungal biosynthesis potentially stimulated by
substrate-induced physiological responses. Beech sawdust-based substrates favored the
increase in β-glucan and ergothioneine contents, further emphasizing that substrate selec-
tion can selectively trigger distinct metabolic pathways toward targeted functional traits.
The casing layer proved essential for maximizing yield and earliness, although it generally
reduced antioxidant-related metabolites and sometimes enhanced ergothioneine content.
Furthermore, the FTIR-PCA provided a rapid, non-destructive confirmation of substrate-
driven compositional differentiation, which has potential as a quality monitoring tool.

The present study was conducted using a single M. indica strain and a fixed grape marc
incorporation level (50%) under specific cultivation conditions. Further studies evaluating
various grape marc incorporation rates, fungal strains, and cultivation conditions would
help determine the broader applicability of the observed responses.
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Overall, this work highlights that substrate selection can direct mushroom produc-
tion towards maximum agronomic efficiency and/or enhanced mushroom quality. The
utilization of agro-industrial residues such as grape marc represents a promising circu-
lar bioeconomy approach, transforming low-value by-products into high-value added
functional foods. The findings support the importance of substrate selection in M. indica
cultivation systems, and hence its broader commercial exploitation as a climate-adapted
mushroom species with significant nutraceutical potential.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/recycling11100179/s1, Figure S1: PCA explained variance (first
six PCs) of the recorded ATR-FTIR spectra from M. indica mushrooms after Multiplicative Scatter
Correction (MSC) and mean centering.
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25. Siwulski, M.; Rzymski, P.; Budka, A.; Kalač, P.; Budzyńska, S.; Dawidowicz, L.; Niedzielski, P. The effect of different substrates on
the growth of six cultivated mushroom species and composition of macro- and trace elements in their fruiting bodies. Eur. Food
Res. Technol. 2019, 245, 419–431. [CrossRef]

26. Koutrotsios, G.; Danezis, G.; Georgiou, C.; Zervakis, G.I. Elemental content in Pleurotus ostreatus and Cyclocybe cylindracea
mushrooms: Correlations with concentrations in cultivation substrates and effects on the production process. Molecules 2020, 25,
2179. [CrossRef] [PubMed]

27. Dhakad, P.K.; Chandra, R.; Yadav, M.K.; Patar, U.R. Comparative study on nutraceuticals of five strains of milky mushroom
(Calocybe indica). Int. J. Curr. Microbiol. Appl. Sci. 2017, 6, 645–648. [CrossRef]
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