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Abstract

This study chemically characterized three Pleurotus ostreatus fruiting bodies cultivated in
the Iberian Peninsula under different conditions (biological and industrial), with emphasis
on polysaccharide analysis. Comprehensive comparative data on cultivation-dependent
nutritional variations will potentially improve their nutritional and therapeutic applications.
Industrial mushrooms (POC and POA) contained significantly higher carbohydrate content
(74%), while the biologically cultivated mushroom (POL) exhibited more protein (22.6%), fat
(4.2%), and ashes (8.0%). Monosaccharide analysis showed glucose dominance (28.7–45.5%),
with mannose, galactose, xylose, and arabinose also present. Trehalose was the primary free
sugar (4.8–14.9%). The (1→3)(1→6)-β-glucans varied significantly across samples (POL:
20.5%; POC: 29.3%; POA: 34.3%). Nuclear magnetic resonance analysis suggested complex
polysaccharide arrangements. Water-soluble carbohydrates and proteins showed molecular
weight distributions of 0.18–21 kDa and 0.20–75 kDa, respectively. All mushrooms were
rich in essential amino acids, phosphorus (2.79–3.07%), potassium (0.56–0.68%), linoleic
acid (0.82–1.14%), and oleic acid (0.22–0.31%). Fourier transform infrared confirmed a
mushroom-specific biochemical profile. These findings corroborate the high nutritional
value of POL, POC, and POA, with a significant contribution to the daily requirements of
fiber, protein, and minerals (phosphorus, potassium, magnesium, iron, zinc, copper, and
selenium), making them suitable for functional foods and nutraceuticals with cultivation-
dependent nutritional profiles.

Keywords: Pleurotus ostreatus; cultivation comparison; nutritional profile; carbohydrate
chemical and structural analysis; carbohydrates and proteins MW; free and total amino
acid profile; minerals composition; fatty acid profile

1. Introduction
Mushrooms are increasingly recognized as a next-generation food due to their rich nu-

tritional and bioactive profiles, with diverse applications in functional foods, nutraceuticals,
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and pharmaceuticals [1–4]. Although hypocaloric, these macrofungi represent a valuable
source of essential nutrients, including polysaccharides, proteins, fatty acids (FAs), and
minerals [1,2,5]. Carbohydrates are the most abundant macronutrient (37–87%), positioning
mushrooms as a valuable source of dietary fiber (4.5–65%) [6]. Furthermore, mushrooms
contain a significant protein content (19–35%), characterized by high digestibility and the
presence of essential amino acids (AA). They are also good sources of some important
unsaturated fatty acids (UFAs), particularly oleic and linoleic acids, and key minerals,
including potassium (K), phosphorus (P), and magnesium (Mg) [1,3,4,7]. The diverse
bioactive compounds (e.g., β-glucans, α-glucans, and lectins) found in mushrooms have
been associated with numerous health benefits, such as prebiotic, immunomodulatory,
antitumor, antiviral, and neuroprotective [2,5,8]. Although most studies focus on mush-
room extracts, the interaction of diverse macromolecules has been proposed to enhance the
bioactive properties compared to individual fractions [2,9,10], which may be advantageous
in functional foods and nutraceutical formulations.

Europe produces about 3% of worldwide mushroom products [11]. For 2025, the
European Union Agricultural Committee expects approximately 1 million tons of mush-
rooms to be produced in Europe. Poland, the Netherlands, and Spain are leading European
producers [12,13]. In 2021, most of 79% of Spain’s mushroom and truffle production was
exported to Portugal [14,15]. Among edible fungi, Pleurotus ostreatus (PO), known as oyster
mushroom, is one of the most widely cultivated species globally [2,16–18]. Its popularity
emerges from its exceptional nutritional, medicinal, and organoleptic properties, coupled
with its easy cultivation [16–18]. Different studies demonstrate the versatility of substrates
used in PO growth, which can be rich in carbon or nitrogen. This species can grow in
several agricultural and industrial wastes (e.g., sawdust, corncob, sugarcane bagasse, tea
waste, and wheat bran) [18–20]. PO has a short life cycle, and its cultivation requires
minimal resources and technological efforts [16–18,20].

Although mushrooms within the same species share specific chemical characteristics,
significant variations in the biochemical composition are reported in the literature data.
These variations arise from differences in strain genetics, substrate composition, cultivation
methodologies, and geographic and environmental parameters (e.g., temperature and
humidity) [21]. Such variables can considerably influence the mushroom’s macronutrients
and bioactive compound profiles. With the increasing consumer demand for healthier
and more sustainable food alternatives [3], understanding the chemical variations among
mushrooms becomes crucial for optimizing their commercial production and enhancing
nutritional and therapeutic applications. Identifying these variations allows the selection
of specific mushrooms for targeted dietary requirements and industrial applications [7].

This study aims to chemically characterize three PO fruiting bodies cultivated in the
Iberian Peninsula by biological cultivation and industrial-scale cultivation, focusing on
their specific biochemical profiles, emphasizing the polysaccharide fraction. The analy-
sis includes a detailed analysis of polysaccharide composition (with a special focus on
glucans), carbohydrate molecular weight (MW) distribution, free sugar content, protein
MW distribution, as well as AAs, fatty acids, and mineral profiles. Moreover, structural
characterization was carried out using nuclear magnetic resonance (NMR) spectroscopy
and Fourier transform infrared (FTIR) spectroscopy. By providing a detailed comparative
analysis of these chemical profiles and giving special focus on the polysaccharide frac-
tion, this research contributes to a deeper understanding of specific nutritional differences
in PO, offering valuable insights into dietary value and potential uses in the food and
nutraceutical fields.
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2. Materials and Methods
2.1. Chemicals

Ultrapure (UP) water was obtained using a Milli-Q UP purification system (Millipore,
Bedford, MA, USA). VWR Scientific (VWR chemicals, Karlsruhe, Germany) and VWR Chem-
icals (Radnor, PA, USA) supplied sulfuric acid (≥95%), Kjeldahl tablets (catalyst with 0.3%
CuSO4·5 H2O), petroleum ether (≥99.9%), and high-performance liquid chromatography
(HPLC)-grade solvents (acetonitrile ≥ 99.9%, methanol ≥ 99.9%, isopropanol ≥ 99.8%, hex-
ane ≥ 97%, acetic acid glacial ≥ 99.7%, and dimethylformamide DMF; ≥99.9%). Boric
(≥99.5%), nitric (≥65%), hydrochloric (≥32%), trichloroacetic (≥99.5%), propionic (≥99.5%),
and trifluoroacetic (≥99%) acids, along with sodium borohydride (98%), ammonium hydrox-
ide, and dimethyl sulfoxide (≥99.7%), were purchased from Merck (Damdstadt, Germany).
Sodium hydroxide was sourced from LabChem (Zelienople, PA, USA), and sodium methox-
ide (≥98%) from Acros Organics (Geel, Belgium). Sigma-Aldrich (St. Louis, MO, USA)
provided iodoacetic acid (≥98%), acetic anhydride (≥99%), sodium nitrate (≥99%), sodium
tetraphenylborate (≥99.5%), sodium azide (≥99.5%), dichloromethane (≥99.9%), sodium
phosphate dibasic (≥99%), benzene-1,2-carboxaldehyde (OPA; ≥97%), iodomethane (≥99%),
2-mercaptoethanol (≥99%), deuterated methanol (≥99%), and all standards for sugars and
AA identification and quantification.

The kit for glucans quantification (Yeast and Mushroom β-Glucan; Cat. No. K-YBGL)
and sugar standards were acquired from Megaenzyme (Bray, Ireland). Additional reagents
included Shodex Pullulan P-82 (5.9–708 kDa) from Shodex (Showa Denko K. K., Tokyo,
Japan), minerals standard mix (UCP-3) from Inorganic Ventures (Christiansburg, VA, USA),
and tritridecanoic standard (33-1300-13) from Larodan Research Grade Lipids (Solna,
Sweden). Protein standards (6.5–669 kDa) were supplied by GE Healthcare (Chicago, IL,
USA), while GenScript (Nanjing, China) provided a standard peptide (KGYGGVSLPEW;
99.7%; 1.2 kDa).

2.2. Processing of Fruiting Bodies of Pleurotus ostreatus (PO)

Three distinct PO fruiting bodies were obtained from different cultivation sources in
the Iberian Peninsula in October 2023 and coded as follows:

(a) POL: Biologically produced by a local small-scale producer (Penafiel, Porto, Portugal),
using pine sawdust and alfalfa as substrates.

(b) POC: Produced by an industrial-scale producer (category II) in Spain and commer-
cially distributed by food retailers.

(c) POA: Produced by an industrial-scale producer (category II) in Portugal and commer-
cially distributed by food retailers.

All fruiting bodies (stems and caps) were processed identically: well-washed with
abundant water, cut into uniform pieces, and dried in an air cabinet dryer. The drying
conditions were 55 ◦C for 24 h with a constant air velocity of 1 m/s. Dried samples were
milled using a stone miller (Combo mill Paula, Häussler, Deutschland, Germany) and
subsequently sieved through an analytical sieve shaker system (model AS 200, Retsch
GmbH, Haan, Germany) to obtain a uniform particle size distribution (250 and 500 µm).
The powders were preserved in a desiccator away from light before analysis.

2.3. Mushrooms Proximate Composition, Energy Calculation, and Water Activity (aw)

The moisture, protein, ash, fat, and carbohydrates (proximate composition) were
determined according to AOAC procedures [22]. A nitrogen-to-protein conversion factor of
4.38 was applied as recommended for mushrooms [23,24]. All determinations were carried
out in triplicate (n = 3) and results expressed as g/100 g of dried weight (DW) or fresh
weight (FW—in the case of humidity).
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For energy calculation (kcal/100 g DW), the following equation [23] was used:

Energy = 4 × protein (g) + 3.75 × carbohydrate (g) + 9 × f at (g)

A HygroLab 2 device (Rotronic, Bassersdorf, Germany) was used for water activity
(aw) determination. POL, POC, and POA samples were analyzed in triplicate (n = 3).

2.4. Carbohydrate Analysis
2.4.1. Total Monosaccharide Composition

Monosaccharide composition was determined as alditol acetates using gas chromatog-
raphy (GC) coupled with flame ionization detection (FID), based on the method described
by Blakeney et al. (1983) [25], with slight modifications described by Araújo-Rodrigues
et al. (2025) [10]. POL, POC, and POA samples were analyzed in triplicate (n = 3), and
results were expressed in g/100 g DM.

2.4.2. (1→3)(1→6)-β-glucans and α-glucans Content

Following the manufacturer’s instructions, glucan content in the three mushrooms
was quantified using a Yeast and Mushroom β-Glucan assay kit. POL, POC, and POA
samples were analyzed in triplicate (n = 3), and results were expressed in g/100 g DM.

2.4.3. Nuclear Magnetic Resonance (NMR) Spectroscopy

Carbohydrate structure was elucidated using 1H NMR (600.13 MHz) and 13C NMR
(150.90 MHz), following the methodology described by Araújo-Rodrigues et al. (2025) [10].
All mushroom samples were analyzed in duplicate.

2.4.4. Free Sugars (FSs) Analysis

Free sugars (FSs) were extracted according to the method reported by Heleno et al.
(2009) [26], with slight modifications described by Araújo-Rodrigues et al. (2025) [10]. The
results were expressed as mg/100 g DW, and all mushroom samples were analyzed in
triplicate (n = 3).

2.4.5. Carbohydrate Molecular Weight (MW) Distribution

The MW of carbohydrate fractions POL, POC, and POA was assessed using size exclu-
sion chromatography (SEC) integrated with a high-performance liquid chromatography
(HPLC) system, following the method described by Nakahara et al. (2020) [27], with some
alterations described by Araújo-Rodrigues et al. (2025) [10]. Each mushroom carbohydrate
fraction was analyzed in duplicate.

2.5. Protein Characterization
2.5.1. Free Amino Acids (FAAs) and Total Amino Acids (TAAs) Analysis

Free amino acids (FAA) and total amino acids (TAA) were determined based on the
methods described by Kim et al. (2009) [28] and Oliveira et al. (2022) [29], respectively, with
minor modifications described by Araújo-Rodrigues et al. (2025) [10]. Derivatization and
chromatographic analysis followed the method of Pripi-Nicolau et al. (2000) [30]. Results
were expressed as mg/100 g DW. All mushroom samples were analyzed in triplicate (n = 3)
for FAAs and TAAs quantification.

2.5.2. Protein and Peptide Molecular Weight (MW) Distribution

The protein and peptide profiles of the POL, POC, and POA fractions were analyzed
using fast protein liquid chromatography-gel filtration (FPLC), following the method
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described by Araújo-Rodrigues et al. (2025) [10]. Each mushroom sample was analyzed
in duplicate.

2.6. Mineral Profile

The mineral profile of three mushroom samples was determined through acid diges-
tion in a microwave system and inductively coupled plasma-optical emission spectrometry
(ICP-OES) analysis, as described by Araújo-Rodrigues et al. (2025) [10]. All mushroom
samples were analyzed in triplicate (n = 3), and results were expressed in mg/100 g DW.

2.7. Fatty Acids (FAs) Profile
Fatty Acids (FAs) Preparation

Fatty acid (FA) profiles were analyzed through GC-FID of FA methyl esters (FAMEs),
according to Pimentel et al. (2015) [31]. The results were expressed as mg/100 g DW. POL,
POC, and POA samples were analyzed in triplicate (n = 3).

2.8. Fourier Transform Infrared (FTIR) Spectroscopy Analysis

Mid-infrared spectra were recorded using a PerkinElmer Spectrum BX FTIR Sys-
tem spectrophotometer (USA) equipped with a DTGS detector, as described by Araújo-
Rodrigues et al. (2025) [10]. Each mushroom sample was analyzed in duplicate.

2.9. Statistical Analysis

Statistical analyses were performed using SPSS software (version 28.0). The Shapiro–
Wilk test assessed data normality (n < 50), while Levene’s test evaluated the homogeneity
of variances across groups. All data met these assumptions, with p > 0.05 for both tests.
Differences between mushroom samples (POL, POC, and POA) were assessed by one-way
analysis of variance (ANOVA) with a significance level of p < 0.05. Post hoc multiple com-
parisons were performed using Tukey’s honest significant difference (HSD) test. Sample
sizes for each analysis are specified in the corresponding materials and methods subsection
and Figures and Table legends.

3. Results and Discussion
3.1. Proximate Composition

The centesimal composition of the selected PO samples (POL, POC, and POA) is
presented in Table 1. Significant differences were found in water content (6.34–7.43% FW),
although all mushrooms had water content below 8% FW. Drying and storage conditions
are key factors in determining water content. However, since all mushroom samples in this
study underwent the same drying technology (hot air drying), time (24 h), temperature
(55 ◦C), and storage conditions (in a desiccator, protected from light, and under vacuum
conditions), the observed differences may be attributed to variations in chemical com-
position. For instance, carbohydrate content can influence water retention post-drying.
However, no considerable differences were found in aw, with values of approximately 0.33,
indicating that POL, POC, and POA are stable and safe as dry products, since aw below 0.6
constrains microbial growth [32,33].

The results suggest a significantly lower carbohydrate content in the POL (66.28% DW)
than in POC and POA (around 74.10% DW). Carbohydrates are the predominant macronu-
trient in mushrooms, with the literature values ranging from 37 to 86% DW [2,4,17,23,34–38].
Although the carbohydrate content of all samples is aligned with the literature data, POL
exhibited a slightly lower carbohydrate content, possibly due to its significantly higher
protein content (22.55% DW). In contrast, POC and POA contain approximately 16.00% DW
of protein. From a nutritional perspective, mushrooms are recognized as good sources of
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protein compared to other non-animal protein sources [39], with values generally ranging
from 19 to 39% DW [4,9,40]. In Pleurotus spp. literature data, protein content has been re-
ported between 7 and 42% DW [17,34–36,41]. All mushrooms, especially POL, significantly
contribute to the daily average requirement (AR) for protein consumption recommended
by the European Food Safety Authority (EFSA) of 0.66 g/kg of body weight.

Table 1. Proximate composition (1 g/100 g FW; 2 g/100 g DW; or 3 kcal/100 g DW) of POL, POC,
and POA Pleurotus ostreatus species. Results are expressed as mean ± standard deviation based on
three independent replicates (n = 3).

Chemical Parameter POL POC POA

Water content 1 7.43 ± 0.02 a 6.34 ± 0.00 c 7.17 ± 0.05 b

Carbohydrates 2,+ 66.28 ± 0.74 b 74.05 ± 0.89 a 74.15 ± 0.29 a

Protein 2 22.55 ± 1.09 a 16.00 ± 1.36 b 15.75 ± 0.08 b

Ash 2 7.97 ± 0.26 a 7.06 ± 0.10 b 7.49 ± 0.06 b

Fat 2 4.21 ± 0.14 a 2.88 ± 0.00 b 2.75 ± 0.35 b

Energy 3,* 345.63 ± 1.50 a 344.35 ± 0.47 a 339.04 ± 1.57 b

aw 0.337 ± 0.01 a 0.334 ± 0.01 a 0.335 ± 0.01 a

Different superscript letters within the same row indicate statistically significant differences (p < 0.05). + Total
carbohydrates were calculated by the difference in humidity, ash, total fat, and protein. * Energy was calculated
using the equation: energy = 4 × protein (g) + 3.75 × carbohydrate (g) + 9 × fat (g).

Ash content varied from 7.06 to 7.97% DW, with POL exhibiting a significantly higher
value. Typically, mushroom ash content ranges from 4 to 15% DW [42]. The literature
reports indicate that PO ash content varies from 4 to 10% DW [16,23,35,37,43], aligning
with the present study. Concerning the fat content, a significantly higher content was
found in POL (4.21% DW), with the POC and POA fat content values between 2.75 and
2.88% DW. According to the literature data, fat content in mushrooms typically varied
from 0.1 to 8% DW [42]. Specifically, reports on PO species suggested a fat content of
0.5–5% DW [23,34,35,37,42], aligning with the present study results.

Generally, mushrooms have energy values below 400 kcal/100 g DW [42]. Some studies
report PO energy values ranging from 326 to 387 kcal/100 g DW [23,35,36]. The energy values
found in this study align with these reports. A significantly lower energy value was registered
for POA (339.04 kcal/100 g DW), mainly due to the lower fat and protein contents. POL and
POC had energy values of approximately 344.35 and 345.63 kcal/100 g DW.

Species and genetic diversity play a crucial role in the chemical composition of mush-
rooms. Within the same species, variations in substrate, cultivation, and harvest conditions
significantly impact the chemical and bioactive profiles [4,9,24,37]. The observed com-
positional differences among POL, POC, and POA may be related to the differences in
the substrate and cultivation methods. The industrially grown POC and POA exhibited
markedly higher carbohydrate levels, whereas the biologically cultivated POL exhibited
considerably more protein, fat, and ash. Such cultivation factors may directly influence
carbohydrate distribution in both fruiting bodies and mycelia [21].

Small-scale mushroom producers usually produce between 10 and 100 kg of mush-
rooms per week, while medium- and large-scale producers produce higher amounts. In
industrial-scale production, standardized and mechanized processes are generally applied,
including the use of optimized substrates, strict control of environmental conditions, and
automatic systems for irrigation and harvesting [44]. The controlled conditions include
temperature, humidity, CO2, and light [20,44]. They are generally also grown on optimized
lignocellulosic substrates (e.g., substrates rich in cellulose, hemicellulose, and lignin). These
conditions and substrates provide abundant polysaccharide precursors and may lead to fast
growth, favor carbohydrate accumulation, and yield carbohydrate-rich mushrooms [18].



Polysaccharides 2025, 6, 62 7 of 25

In contrast, biologically cultivated mushrooms are often grown on diverse agro-waste
materials (in this case, pine sawdust and alfalfa), with higher nitrogen-to-carbon ratios.
This may result in slower growth but with higher nitrogen and lipid precursors, allowing
more time for assimilation and consequent protein and lipid accumulation in the fruiting
bodies [18,20], and increased ash content due to mineral uptake from organic waste sub-
strates [18–20]. Less controlled environmental conditions may also trigger stress responses
in POL that stimulate the production of certain proteins as adaptive mechanisms [45].

3.2. Carbohydrate Composition
3.2.1. Monosaccharide Composition

The main chemical characterization approaches of carbohydrates encompass monosac-
charide composition analysis, MW analysis, and structure analysis by NMR spec-
troscopy [5]. The total monosaccharide composition of POL, POC, and POA is presented
in Table 2. The most prevalent monosaccharide across all samples was Glc, with a sig-
nificantly higher concentration in POC and POA (44.69–45.50% DW). POL exhibited a
significantly higher concentration of galactose (Gal, 1.23% DW) and xylose (Xyl, 0.58% DW).
Arabinose (Ara) content ranged from 0.24 to 0.31% DW, with POA showing significantly
higher concentration compared to POC. No significant differences were found in the Gal
concentration, with values ranging from 0.93 to 1.23% DW.

Table 2. Total monosaccharide composition (g/100 g DW) of POL, POC, and POA Pleurotus ostreatus
species. Results are expressed as mean ± standard deviation based on three independent replicates
(n = 3).

Monomer POL POC POA

Ara 0.30 ± 0.00 a,b 0.31 ± 0.04 a 0.24 ± 0.02 b

Xyl 0.58 ± 0.06 a 0.31 ± 0.01 b 0.36 ± 0.07 b

Man 4.75 ± 0.12 a 2.13 ± 0.19 b 2.46 ± 0.41 b

Gal 1.23 ± 0.05 a 0.98 ± 0.08 a 0.93 ± 0.18 a

Glc 28.69 ± 7.07 b 45.50 ± 5.27 a 44.69 ± 2.49 a

Total 35.55 ± 5.11 b 49.23 ± 5.57 a 48.69 ± 2.87 a

Different superscript letters within the same row indicate statistically significant differences (p < 0.05).
Ara—arabinose; Xyl—xylose; Man—mannose; Gal—galactose; Glc—glucose. Total monosaccharides represent
the sum of quantified monomers.

The predominance of Glc monomers aligns with the expected presence of glucan-type
structure, suggesting a considerable concentration of glucans in these samples [10,46]. How-
ever, the results suggested that the mushroom polysaccharides of the three mushrooms are
heteropolysaccharides, suggesting a possible structural diversity due to the presence of
different types and glycosidic bond sequences [5]. Most literature studies also suggest that
polysaccharides present in PO are heteropolysaccharides [47,48]. Additionally, polysac-
charides containing Man have also been described in several mushroom species [1]. The
substrate and growing conditions generally applied in industrially cultivated mushrooms
may provide abundant polysaccharide precursors. This may result in higher carbohy-
drate contents [18], aligning with higher content of total monosaccharides present in POC
and POA.

3.2.2. Glucan Content

Table 3 presents the glucan composition of POC, POC, and POA. The results suggested
that POA and POC have a significantly higher total glucan content (47.58 and 45.06% DW,
respectively), while POL exhibited the lowest total glucan content (28.14% DW). Concern-
ing (1→3)(1→6)-β-glucans, considerable differences were found in the three mushroom
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samples, with POL showing the lowest content (20.51% DW) and POA the highest con-
tent (34.30% DW). Significant differences were also found in the content of α-glucans and
β-glucans with different linkages than (1→3)(1→6)-β-glucans, with values ranging from
7.63 (POL) to 15.81% DW (POC). These three mushrooms are good contributors to the
adequate intake (AI) of dietary fiber for adults, recommended by the EFSA (25 g/day) [49].
The ratio of α/β-glucans is highest in POC (0.54), followed by POA (0.38) and POL (0.37),
corroborating the relatively higher α-glucan content in POC.

Table 3. Glucan composition (g/100 g DW) of POL, POC, and POA Pleurotus ostreatus species. Results
are expressed as mean ± standard deviation based on three independent replicates (n = 3).

Parameter POL POC POA

Total glucans * 28.14 ± 1.77 b 45.06 ± 1.06 a 47.58 ± 0.75 a

(1→3)(1→6)-β-glucans + 20.51 ± 1.82 c 29.26 ± 0.59 b 34.30 ± 0.45 a

α-glucans * and β-glucans
with other linkages 7.63 ± 0.60 c 15.81 ± 1.06 a 13.08 ± 0.37 b

Ratio α-glucans/β-glucans 0.37 0.54 0.38
Different superscript letters within the same row indicate statistically significant differences (p < 0.05).
+ (1→3)(1→6)-β-glucans were calculated by the difference between total glucans and α-glucans and β-glucans
with another type of linkages. * Total and α-glucans include free glucose and possible glucose derived from the
hydrolysis of sucrose.

Sari et al. (2017) [50] screened the glucan content of 39 commercially or locally culti-
vated and wild-growing mushrooms, while McCleary and Draga (2016) [51] investigated
18 mushroom species, both studies including Pleurotus species. In these studies, β-glucans
varied from 7.2 to 57.9% DW and α-glucans from 0.2 to 75.9% DW. Specifically, the reported
values for PO species were 0.4–1.4% DW and 24.2–38.0% DW for α-glucans and β-glucans,
respectively [50–52]. In the first study, local and wild production occurred in North Rhine-
Westphalia in Germany. Specifically, PO, Pleurotus eryngii, P. citrinopileatus, P. pulmonarius,
and P. djamor were grown by local producers. The last four species exhibited β-glucans
contents between 15.4 and 21.7%. The total glucan concentrations found in POL (28.1%
DW) were similar to those found by Sari and colleagues in these Pleurotus spp. species
(18.3–25.6% DW) also produced by a local producer [50]. McCleary and Draga (2016) [51]
studied mushrooms supplied by a Canadian company that sells organic mushrooms, with
total glucan values for Pleurotus spp. between 32.2 and 39.8% DW, aligning with POL
results [51]. These comparisons highlight the geographic impact on glucan content and
composition. Additionally, this reinforces the importance of biological production in car-
bohydrate and glucan content, which may yield mushrooms with lower glucan and total
carbohydrate concentration than industrial mushrooms.

Typically, (1→3)(1→6)-β-glucans are the most prevalent in mushrooms, aligning with
the present study [28,46]. The mushroom β-glucans reported values are generally consistent
with the present study, although α-glucan levels are slightly higher than PO. This variation
might be explained by the higher concentrations of α-glucan typically found in mushroom
caps and stems, coupled with the growing conditions and genetic parameters affecting
glucan synthesis [20]. Generally, α-glucans comprise less than 10%, corresponding to
approximately a quarter of total glucans. However, Sari et al. (2017) reported α-glucan
values corresponding to approximately half of the total glucan concentration in some
caps of the studied species [50]. In contrast, the quantification method used in this study
is specifically designed for the quantification of (1→3)-β-glucans and (1→6)-β-glucans,
which are the most common in yeast and mushrooms [28,46]. Enzymes used in the assay
are the main reason for this selectivity. Specifically, exo-1,3-β-glucanase and β-glucosidase
hydrolyze (1→3)-β- and (1→6)-β-glucosidic bonds present in yeast and mushroom β-
glucans. Accordingly, α-glucans quantification includes other β-glucans with different
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linkages than (1→3)-β-glucans and (1→6)-β-glucans, such as (1→4)-β-glucans. Although
less reported, (1→4)-β-glucans have also been identified in mushrooms [46].

The significant differences in these groups suggest structural variations in POL, POC,
and POA. As extensively described in the literature, the α- and β-stereochemical differences
result in different biological properties. While the biological potential of β-glucans has
been well-established in recent decades, for example, their anti-inflammatory, antitumor,
antiviral, and antidiabetic activities, the literature data on α-glucans mainly focuses on
isolation and structural characterization. The biological data for α-glucans is scarcer and
limited, although some studies suggest immunomodulatory and prebiotic activities [2,53].

Several works suggested the antioxidant and antiaging properties of polysaccharide ex-
tracts of PO, Pleurotus sajor-caju, P. eryngii, and other Pleurotus spp. [54–56]. Additionally, β-
glucans extracted from Pleurotus spp. exhibited strong anti-inflammatory potential [57,58].
Hypoglycemic and antihyperglycemic effects were also associated with β-glucans isolated
from Pleurotus spp. [59]. Moreover, numerous studies have reported the immunostimulant
potential of mushroom β-glucans, including those extracted from Pleurotus spp., such as
pleuran (isolated from PO). These immunomodulatory properties include cytokine pro-
duction modulation, lymphocyte proliferation promotion, and macrophages’ phagocytic
function [55,60]. Pleuran also exhibited antiviral activity, showing promising results in the
treatment of herpes simplex virus type 1 and related symptoms and infections [61], and in
flu and respiratory tract infections [62].

3.2.3. Structural Analysis by Nuclear Magnetic Resonance (NMR) Spectroscopy

The structural characteristics of the mushroom samples were further examined by
NMR spectroscopy, with emphasis on α- and β-anomeric protons. Figure 1 displays the 1H
and 13C HSQC spectra of POL, being the spectra from the other PO samples overlapped.
The α-anomeric protons H-1 appeared as doublets in the 5.1–5.2 ppm, while the β-anomeric
proton H-1 was observed between 4.2 and 4.6 ppm. These assignments were based on
distinct chemical shifts and their correlations with the glucose C1 carbon signals in the
HSQC spectra—specifically, 92–94 ppm for α-C1 and 96 ppm for C1—as well as coupling
constants J = 3.8 and 7.9 Hz, respectively. The assignments were further validated through
COSY spectral analysis [5,63].

The 1H NMR spectra of the three samples revealed similar profiles in the anomeric
region, displaying three prominent cross-peaks: one corresponding to a β-anomeric proton
and two to α-anomeric protons. The relative abundance of α- and β-anomeric protons
in each sample was quantified by integrating the corresponding 1H NMR signal areas
(Table 4). Among the samples, POA exhibited the highest relative content of both α- (2.65)
and β-anomeric (1.06) protons. In contrast, POC showed the lowest α-anomeric proton
content (1.60), while POL exhibited the lowest β-anomeric proton content (0.91).

Table 4. The relative composition of α- and β-anomeric protons of POL, POC, and POA Pleurotus
ostreatus species.

Peak Area
Ratio α/β Anomeric Protons

α1-H-1 α 2-H-1 Total α β-H-1

POL 1.00 0.96 1.96 0.91 2.16
POC 1.00 0.60 1.60 0.98 1.64
POA 1.00 1.65 2.65 1.06 2.51

For each sample, the integration area of the α anomeric proton H-1 signal was normalized to 1.000.
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Figure 1. Heteronuclear Single-Quantum Correlation Spectroscopy (HSQC) correlation spectrum of
POL Pleurotus ostreatus species.

The observed α/β anomeric proton ratios (Table 4) were higher (between 1.64 and
2.51) than the corresponding ratios obtained by the glucan quantification kit (Table 3).
This may suggest that most of the α-anomeric protons detected by NMR may arise from
branching points or terminal residues, rather than linear α-glucan chains. POC exhibited
the lower α/β ratio anomeric proton ratio (1.64), but a considerably higher α-glucan content
(15.81 g/100 g DW; Table 3). This suggests that in POC, a higher presence of α-glucans
chains may be present compared to POL and POA. These findings highlight that the α- and
β-glucans present in these mushroom samples may possess diverse and complex structural
arrangements, which align with previous reports on the structural complexity of fungal
glucans [2,5,64].

3.2.4. Free Sugars (FSs) Profile

Table 5 summarizes the FS composition of POL, POC, and POA. Total FS content varied
significantly among the samples, ranging from 8.86 to 16.68% DW, with POL showing the
lowest and POC the highest levels. Trehalose (Tre) was the most prevalent FS across all
samples, with concentrations ranging from 4.78 to 14.88% DW. Consistent with previous
findings, this FS is typically abundant in mushrooms, with typical concentrations ranging
from 8 to 17% DW [3]. The concentration of Tre varies during development, primarily
accumulating in the mushroom fruiting body [21]. Tre serves as a key stress-protective
molecule against temperature, dehydration, nutrient limitation, and other environmental
stressors [1,21]. Due to its sweetening, cryoprotective, and prebiotic potential, this high-
value sugar has been extensively applied in functional food and nutraceuticals [3].
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Table 5. Free sugar (g/100 g DW) composition of POL, POC, and POA Pleurotus ostreatus species.
Results are expressed as mean ± standard deviation based on three independent replicates (n = 3).

Free Sugar POL POC POA

Xyl N.D. 0.11 ± 0.04 b 0.88 ± 0.15 a

Fru 0.26 ± 0.03 N.D N.D.
Gal N.D. 0.78 ± 0.06 N.D.
Glc 2.35 ± 0.06 a 0.78 ± 0.10 c 1.85 ± 0.18 b

Suc 0.51 ± 0.03 a 0.13 ± 0.01 b 0.18 ± 0.04 b

Cel 0.96 ± 0.15 a N.D. 0.55 ± 0.05 b

Tre 4.78 ± 0.15 c 14.88 ± 0.49 a 11.06 ± 0.83 b

Total 8.86 ± 0.32 c 16.68 ± 0.68 a 14.53 ± 1.23 b

Different superscript letters within the same row indicate statistically significant differences (p < 0.05). Xyl—xylose;
Fru—fructose; Gal—galactose; Glc—Glucose; Suc—sucrose; Cel—cellobiose; Tre—trehalose. N.D. not detected.

Reis et al. (2012) [23] also identified Tre as the most prevalent FS in PO, but reported
a concentration of 40.81% DW. In this study, the mushroom samples were obtained in
supermarkets in Bragança (Portugal). Although the authors did not give details about the
production system, the higher carbohydrate content (in the case of PO, 85.87% DW) and Tre
may suggest that the mushrooms studied result from production with optimized substrates
rich in carbon containing cellulose, hemicellulose, and/or lignin (e.g., sawdust, rice and
wheat straw, and sugarcane) [18].

Glc and sucrose (Suc) were also detected in all samples. POL exhibited the highest
concentration of Glc (2.35% DW) and Suc (0.51% DW), followed by POA (with 1.85 and
0.18% DW of Glc and Suc, respectively), and POC (with 0.78 and 0.13% DW of Glc and Suc,
respectively). The remaining sugars detected were only quantified in specific samples. Xyl
was only detected in POC and POA (0.11 and 0.88% DW, respectively), while fructose (Fru)
was only detected in POL (0.26% DW), and Gal in POC (0.78% DW).

Beyond Tre, Reis et al. (2012) also detected Fru (0.09% DW) and mannitol (4.99% DW)
in PO species [23]. Although cultivation also probably occurred in the Iberian Peninsula, the
differences in the FS profile may be related to the cultivation methods and substrate used.
Kim et al. (2009) [28] reported the FS composition of PO and nine other mushroom species
from Korea, also identifying the presence of Glc (1.42% DW) and Tre (0.30% DW) in PO. PO
and the other edible species were obtained from supermarkets in Seoul, while the medicinal
species were from a mushroom farm located in Gangwondo [28]. This comparison between
Iberian and Korean cultivated mushrooms demonstrates significant regional differences,
with Iberian mushrooms showing considerably higher Tre content. Beyond differences in
chemical composition between medicinal and edible species, the cultivation methodology
applied may also contribute to the higher FS composition found in edible mushrooms.
Other authors also detected Glc, Xyl, Gal, Fru, but also Erythrose, which was not detected
in the present study. In the reported study, PO was grown in Nigeria, and the substrate
used was rice straw and sawdust, and similar drying processing conditions were used [36].
Although Glc was also the most prevalent FS, different growing geographic locations and
variations on substrate may justify the differences in monosaccharide profiles.

The literature data shows a considerable variation in the FS profile and concentra-
tion, possibly due to different substrates, cultivation, harvest conditions, and geographic
location [4,9,24,37].

3.2.5. Molecular Weight (MW) Distribution of Carbohydrates

The MW distribution of carbohydrates determined by HPLC-SEC from POL, POC,
and POA is illustrated in Figure 2. The analysis revealed a predominant presence of low
MW carbohydrates, ranging from 0.18 to 21 kDa, with the highest concentration observed
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between 0.18 and 6.1 kDa. This MW range mainly corresponds to monosaccharides, disac-
charides, and oligosaccharides. The detected polysaccharides with higher MW (9.6–21 kDa)
align with the characteristic MW profile of mushroom polysaccharides, including chitin,
α-glucans, β-glucans, galactans, xylans, and mannans, typically ranging from 5 to 2000
kDa [2]. Specifically, β-glucans’ MW ranges from ten to thousands of kDa [5]. The MW of
glycan-binding proteins usually ranges between 12 to 120 kDa [9], also in accordance with
the MW found in the present study.

Figure 2. Molecular weight (MW) distribution of polysaccharide profile by size exclusion chromatog-
raphy (SEC) of POL, POC, and POA Pleurotus ostreatus species.

Zhang et al. (2012) isolated and characterized in vitro antioxidant properties of PO
polysaccharides cultivated in China with an MW of 11 and 18 kDa [65]. Other authors
also isolated polysaccharides with an MW between 11.8 and 48.6 kDa in PO grown in
Henan Agricultural University in China [66]. Both polysaccharide MWs align with the
present study. Other authors also report polysaccharides isolated from PO with higher
MW. For example, Maity et al. (2011) isolated a heteropolysaccharide with 187 kDa from
PO cultivated from a Jalpaiguri mushroom farm (India) [67]. Pleuran, a well-recognized
β-glucan isolated from PO, typically also exhibits an MW between 600 and 700 kDa [2].
However, polysaccharides in this higher MW range were not detected in the present study,
probably due to the absence of additional extraction steps or pre-treatments typically
used in studies focused on mushroom polysaccharide isolation and characterization. This
may result in insolubility and non-detection of high-MW polysaccharides under these
experimental conditions. Additional extraction and purification steps were not applied in
this study, as the focus was on characterizing the entire fruiting bodies and evaluating their
nutritional value. Apart from variability in polysaccharide fraction, the variability of MW
registered in the literature also results from differences in extraction and determination
methodologies [46].

3.3. Protein Composition
3.3.1. Free Amino Acid (FAA) and Total Amino Acid (TAA) Profile

Proteins are the second most abundant macronutrient in mushrooms and play a vital
role in human nutrition and health [2,9,24]. The profiles of FAAs and TAAs present in POL,
POC, and POA are presented in Table 6. Mushrooms are recognized as a valuable source of
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essential AAs [2,9,24], particularly beneficial for vegetarian diets [7]. Of the nine essential
AAs, histidine (His) was not detected in this study. Tryptophan (Trp) was only identified in
FAA analysis, as it is susceptible to degradation during acid hydrolysis and could not be
quantified in the TAA analysis. Similarly, asparagine (Asn) and glutamine (Gln) undergo
deamination under acid conditions, converting to aspartic acid (Asp) and glutamic acid
(Glu), respectively. Therefore, Asp and Glu concentrations in the TAA analysis reflect the
combined content of Asp + Asn and Glu + Gln [68]. Notably, Asn was absent from the TAA
profile, while Gln was undetected in both TAA and FAA analyses.

Table 6. Total (TAAs) and free amino acids (FAAs) identified and quantified (mg/100 g DW) of POL,
POC, and POA Pleurotus ostreatus species. Results are expressed as mean ± standard deviation based
on three independent replicates (n = 3).

Aas
POL POC POA

FAAs TAAs FAAs TAAs FAAs TAAs

Asp 1.48 ± 0.13 a 507.17 ± 56.16 a,2 0.30 ± 0.00 b 403.10 ± 53.36 a,2 0.46 ± 0.05 b 431.73 ± 57.27 a,2

Glu 10.17 ± 0.52 a 1425.80 ± 33.35 a,3 5.84 ± 0.46 c 1242.10 ± 150.35 a,3 7.27 ± 0.38 b 1327.35 ± 71.41 a,3

Cys 0.58 ± 0.04 b N.D. 0.45 ± 0.05 c N.D. 0.70 ± 0.01 a N.D.

Asn 6.06 ± 0.16 a N.D. 3.42 ± 0.42 b N.D. 2.98 ± 0.13 b N.D.

Ser 8.85 ± 0.39 a 582.26 ± 0.47 a 3.75 ± 0.52 b 418.89 ± 43.18 b 3.08 ± 0.28 b 533.08 ± 9.37 a

Gly 6.84 ± 0.31 a 592.02 ± 7.93 a 3.30 ± 0.45 b 430.01 ± 53.22 b 0.48 ± 0.01 c 464.33 ± 39.76 b

Thr * 7.76 ± 0.40 a 16.30 ± 0.32 a 2.19 ± 0.28 c 11.97 ± 0.43 c 4.19 ± 0.28 b 13.76 ± 0.57 b

Arg 9.59 ± 0.18 a 393.32 ± 53.02 a 4.38 ± 0.31 c 354.02 ± 10.78 a 5.75 ± 0.25 b 410.47 ± 6.66 a

Ala 11.05 ± 0.62 b 5382.72 ± 532.21 a 8.15 ± 0.12 b 665.30 ± 35.56 c 15.01 ± 1.88 a 1534.22 ± 29.18 b

Tyr 6.45 ± 0.38 a 487.16 ± 61.72 a 4.09 ± 0.23 b 376.61 ± 21.59 a 4.05 ± 0.09 b 422.78 ± 48.64 a

Val * 0.22 ± 0.02 c 262.74 ± 30.38 a 0.35 ± 0.02 a 225.35 ± 12.60 a 0.27 ± 0.00 b 257.80 ± 30.46 a

Met * 0.90 ± 0.08 b 378.67 ± 27.96 a 0.94 ± 0.09 a,b 220.76 ± 11.14 b 1.11 ± 0.02 a 266.22 ± 23.10 b

Trp * 13.27 ± 0.45 a N.D. 4.76 ± 0.02 b N.D. 4.98 ± 0.21 b N.D.

Phe * 5.64 ± 0.60 a 473.92 ± 26.53 a 5.46 ± 0.60 a 352.31 ± 19.78 b 4.07 ± 0.09 b 362.56 ± 9.74 b

Ile * 4.36 ± 0.34 a 446.04 ± 34.89 a 2.45 ± 0.11 b 337.78 ± 45.49 b 2.52 ± 0.07 b 292.17 ± 29.72 b

Leu * 6.29 ± 0.51 a 719.39 ± 2.83 a 3.93 ± 0.14 b 659.39 ± 48.51 a 4.28 ± 0.24 b 668.05 ± 11.28 a

Lys * 15.96 ± 1.05 a 288.01 ± 10.63 c 5.44 ± 0.47 b 573.01 ± 4.27 a 6.92 ± 0.14 b 405.96 ± 22.18 b

Total + 116.31 ± 0.69 a 11,955.55 ± 881.16 a 59.20 ± 0.52 c 6270.63 ± 463.42 c 68.11 ± 0.40 b 7390.47 ± 109.21 b

Different superscript letters within the same row indicate statistically significant differences (p < 0.05). 2 Asp
+ Asn. 3 Glu + Gln. * Essential amino acids. + Total amino acids were calculated by the sum of identified and
quantified amino acids. N.D. not determined.

In the FAA analysis, POL exhibited the highest concentrations of essential AAs, in-
cluding threonine (Thr; 7.76 mg/100 g DW), Trp (13.27 mg/100 g DW), isoleucine (Ile;
4.36 mg/100 g DW), leucine (Leu; 6.29 mg/100 g DW), and lysine (15.96 mg/100 g DW).
POL contained more than twice the content of Lys and Trp than the other mushrooms,
suggesting its potential as a rich dietary source of these essential AAs. As a precursor
of neurotransmitters and vitamin B3, Trp plays an important role in brain function and
insulin secretion [7]. Among the non-essential AAs, alanine (Ala), Glu, and serine (Ser)
were the most abundant, with concentrations ranging from 5.84 to 15.01 mg/100 g DW
in the three species. Effiong et al. (2023) [36] reported similar levels of these AAs in PO
but found considerably higher Asp concentrations, which were the most prevalent FAA in
their study. The different geographic location (Nigeria) and specific substrate used (rice
straw and sawdust) may result in a significantly higher concentration of Asp [36]. Previous
studies have identified Ile, Leu, and Thr as the dominant FAAs in Pleurotus spp. [69], along
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with Ala, Glu, and Ser in PO strains [28]. Yin et al. (2019) [69] studied six Pleurotus species,
including PO, cultivated in Wuhan (China) under biological production with poplar saw-
dust (corresponding to approximately 80%) and rice bran (less than 20%) as a substrate.
These conditions may favor their rich FAAs’ profile [69]. As previously discussed, Kim
et al. (2009) [28] compared the carbohydrate and FAA profiles of edible and medicinal
mushrooms produced in Korea. Although the differences in cultivation methods, this study
highlights the differences in FAA composition between medicinal and edible mushrooms
since edible mushrooms generally possess higher protein content [28].

Concerning the TAA profile, Glu and Ala were the most abundant AAs in the three
mushrooms. Significant differences were found in Ala content, with POL exhibiting the
highest content (5382.72 mg/100 g DW) and POC the lowest (665.30 mg/100 g DW),
suggesting possible specific variations according to the cultivation methods. Glu concentra-
tions ranged from 1242.10 to 1425.80 mg/100 g DW, with no significant differences between
mushrooms. Previous studies on PO and other mushroom species have identified Asp and
Glu as the most prevalent in PO [1], for instance, in mushrooms produced in Paraná state
(Brazil) [7] and Nakhon Ratchasima (Thailand) [37]. The higher prevalence of these AAs
even in different species and grown in distinct geographical areas may be related to their
role as precursors in AA metabolism [7]. Glu is also involved in cell signaling, immunity,
and antioxidant responses [70].

Among the essential AAs, Leu was the most abundant across all mushrooms, with
concentrations ranging between 659.39 and 719.39 mg/100 g DW, but no significant dif-
ferences were observed. This aligns with previous reports on Pleurotus spp. AA analy-
sis [3], for example, in PO grown in Nigeria [35]. Other essential AAs, including pheny-
lalanine (Phe), Ile, Lys, methionine (Met), and valine (Val), varied between 220.76 and
573.01 mg/100 g DW. These AAs play numerous vital roles in human health. For exam-
ple, Leu, Val, and Ile are involved in metabolism and energy homeostasis [70]. While
POL exhibited the highest concentration of essential AAs, Lys content was significantly
higher in POC (573.01 mg/100 g DW), followed by POA (405.96 mg/100 g DW). Despite
being detected in all mushrooms, Thr was present at considerably lower concentrations
(11.97–16.30 mg/100 g DW) than other essential AAs.

POL demonstrated the highest FAA content (116.31 mg/100 g DW), compared to
POC’s lowest concentration (59.20 mg/100 g DW). TAA content followed a similar pattern,
with POL exhibiting a high concentration of TAA (11,955.52 mg/100 g DW), followed by
POA and POC with values of 7390.47 mg/100 g DW and 6270.63 mg/100 g DW, respectively,
with considerable differences between mushrooms. The literature indicates substantial
variation in both FAA and TAA levels among Pleurotus spp. and other mushroom species,
with edible mushrooms typically showing higher FAA concentrations than medicinal
species [28]. Previous studies report contrasting values: Nigerian-grown PO contained
632 mg/100 g DW of FAA [36], while TAA in PO grown in Korea, Nigeria, Thailand, and
Brazil ranged from 13 to 22 g/100 g DW [7,28,35,37]. The markedly lower FAA levels in
Iberian cultivated mushrooms compared to Nigerian mushrooms suggest that geographical
environmental differences between Europe and Africa, along with cultivation practices,
directly influence AA metabolism and protein synthesis.

Although it is possible to identify a pattern in PO AA profiles, such as predominance
of Glu, Ala, and Leu, these comparative studies highlight the distinct AA profiles between
the Iberian Peninsula, African, American, and Asian cultivated mushrooms, highlighting
how geographic conditions coupled with cultivation approaches influence nutritional
composition. This study highlights significant variations in FAA and TAA content and
composition among the three PO mushrooms, suggesting potential differences in AA
metabolism. As previously discussed, the biological cultivation of POL with higher nitrogen
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precursors may result in higher protein synthesis [16,18]. From a nutritional perspective,
POL possesses interesting AA content, exhibiting higher concentrations of essential AAs,
except for Lys, which was more abundant in POC.

3.3.2. Molecular Weight (MW) Distribution of Protein and Peptides

The chromatograms of protein and peptide profiles (water-soluble fraction) obtained
for POL, POC, and POA by FPLC are presented in Figure 3. The results suggest that
POC and POA showed similar chromatographic profiles with different peak intensities.
POL exhibited a distinct chromatographic profile compared with the other mushrooms,
indicating cultivation-specific protein and peptide composition variation, as found in
the AA composition. The chromatograms revealed the presence of multiple proteins
and peptides in all mushrooms, ranging from approximately 75 kDa to 0.204 kDa. All
mushrooms demonstrated a predominance of lower MW peptides (<1.2 kDa). Among the
mushrooms, POL exhibited the highest peak intensities, which can be correlated with its
higher protein content (Table 1).

Figure 3. Molecular weight (MW) distribution chromatogram of protein and peptide profile by fast
protein liquid chromatography (FPLC) of POL, POC, and POA Pleurotus ostreatus species.

Mushrooms possess diverse functional proteins and bioactive peptides, notably
lectins and fungal immunomodulatory proteins (FIP) [1,4,9,71]. Additionally, protein-
polysaccharide complexes and active enzymes such as peroxidases and laccases have been
identified in these macrofungal [4]. The higher MW proteins found in Figure 3 (29–75 kDa),
particularly with higher peak intensities in POC, may correspond to lectins, which have
been previously identified in PO fruiting bodies with an approximate MW of 40 kDa and
exhibiting antitumor properties [72]. The results suggest a possible residual presence of
this protein group. The approximate MW of FIPs is typically 13 kDa [4]. Additionally,
pleurostrin, an antifungal peptide with a MW between 9 and 15 kDa, was previously
identified in PO [73,74]. Although with a relatively low intensity, this MW range was also
detected, especially in POC. Proteins between 10 and 50 kDa were also isolated from PO
cultivated in China [75]. The higher abundance of low MW peptides (<1.2 kDa) observed
across the three mushrooms may suggest the presence of peptides with significant bioactive
properties, such as antioxidant and antitumor activities [73,74,76]. A wide range of proteins
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and peptides were identified in PO cultivated in Mexico with sorghum substrate. The
results indicated the presence of MW peptides between 12 and 35 kDa, suggesting possible
bioactive properties [73]. As reviewed by Zhou et al. (2020), several antimicrobial peptides
were isolated from different mushroom species, including from PO [74]. The specific differ-
ences in peptide profiles observed may contribute to variations in bioactivity between these
PO mushrooms, with variations according to geographic and cultivation methodologies.

3.4. Mineral Composition

In Table 7, the results of mineral composition in POC, POC, and POA are pre-
sented. The results showed considerable differences in the total mineral concentration
(3602.27–3777.01 mg/100 g DW), with POA showing significantly higher total mineral
content than POL and POC. In the present study, 14 minerals were identified and quan-
tified, including macrominerals and trace elements. K emerged as the most abundant
mineral across all samples, followed by P and Mg. K concentrations ranged from 2787.25 to
3073.90 mg/100 g DW, with POA showing significantly higher levels. P and Mg exhib-
ited notable variations among the three mushroom varieties, with POL demonstrating
the highest values (678.00 and 138.24 mg/100 g DW, respectively) and POA the lowest
(564.20 and 102.38 mg/100 g DW, respectively). Regarding other macrominerals, Ca and
Na concentrations ranged from 0.93 to 10.72 and 17.92 to 23.95 mg/100 g DW, respectively,
with POL containing the highest levels and POC the lowest in both cases.

Table 7. Mineral composition (1 mg/100 g DW; or 2 µg/100 g DW) of POL, POC, and POA Pleurotus
ostreatus species. Results are expressed as mean ± standard deviation based on three independent
replicates (n = 3).

Mineral POL POC POA AI 3, AR 4, and SAI 5

Zn 1 9.39 ± 0.67 a 7.56 ± 0.17 b 5.98 ± 0.10 c 6.2–10 mg/day 3

P 1 678.00 ± 5.45 a 633.84 ± 0.33 b 564.20 ± 0.39 c 550 mg/day 2

Mn 1 0.81 ± 0.03 a 0.84 ± 0.11 a 0.70 ± 0.00 a 3 mg/day 2

Fe 1 8.63 ± 1.05 a 5.73 ± 0.07 b 4.23 ± 0.10 b 6–7 mg/day 3

Mg 1 138.24 ± 2.78 a 113.82 ± 0.38 b 102.38 ± 0.47 c 300–350 mg/day 2

Ca 1 10.72 ± 0.02 a 0.93 ± 0.02 b 1.04 ± 0.07 c 750–950 mg/day 3

Cu 1 1.13 ± 0.03 a 0.93 ± 0.01 b 1.13 ± 0.01 a 1.3–1.6 mg/day 2

Na 1 23.95 ± 0.36 a 17.92 ± 2.81 b 22.71 ± 0.04 a 2 g/day 4

K 1 2787.25 ± 42.99 b 2820.09 ± 12.06 b 3073.90 ± 32.35 a 3500 mg/day 2

Se 1 0.10 ± 0.03 a 0.05 ± 0.00 b 0.04 ± 0.01 b 70 µg/day 2

Al 1 0.05 ± 0.00 b 0.50 ± 0.05 a 0.67 ± 0.13 a -
Co 1 0.06 ± 0.01 a 0.04 ± 0.00 b 0.03 ± 0.00 c -
Cd 2 16.88 ± 0.78 b 19.73 ± 0.00 a 11.12 ± 0.00 c -
Pb 2 19.30 ± 1.43 a 6.02 ± 0.38 b 5.58 ± 0.39 c -

Total 1, + 3658.38 ± 36.92 b 3602.27 ± 11.40 b 3777.01 ± 30.79 a -

Different superscript letters within the same row indicate statistically significant differences (p < 0.05). + Total
minerals were calculated by the sum of identified and quantified minerals. 3 AI—adequate intake; 4 AR—average
requirement; 5 SAI—safe and adequate intake.

Minerals play numerous essential roles in human health, namely in growth and
body function [36,77]. Mushrooms are typically a good source of minerals, with a higher
accumulation of P and K in the fruiting bodies [24]. These macrofungi generally contain
high K, P, and Mg content, moderate Ca content, and low Na values [8,36], in accordance
with the profile of the present study. Concentrations between 466 and 4000 mg/100 g DW
of K [42,78,79], 50 and 497 mg/100 g DW of P [42,79], and 9 and 340 of Mg [42,78,79] were
reported in PO chemical characterization works, for example, cultivated in Nigeria and
Bangladesh. These data align with the present study, except for P, where a considerably
higher concentration was found in this study. These comparisons reveal a common pattern
between globally produced PO. However, the higher P concentration found in these Iberian
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cultivated mushrooms compared to mushrooms cultivated in Africa and Asia may suggest
specificities in mineral accumulation and metabolism.

An AI in adults of 550, 300–350, and 3500 mg/day of P, Mg, and K, respectively, is
recommended by EFSA [36,49]. Accordingly, POL, POC, and POA are good contributors
to the AI of P, Mg, and K. P is involved, for example, in cellular signaling and bone
health, while K is involved in nervous and muscle function. Mg is key in protein synthesis
and nerve transmission [77]. The Na/K ratio is an important parameter associated with
cardiovascular health preservation. In all samples, the ratio was lower than 0.01. The
EFSA recommends the safe and adequate intake of 2 g/day in adults of Na [36,49]. POL,
POC, and POA represent a small contribution to the daily consumption of this mineral. Ca
concentration in PO generally ranges from 0.01 to 50 mg/100 g [16,36,42], aligning with the
present data and corroborating that mushrooms are not a good source of Ca since adults’
AR is 750–860 mg/day.

Among the trace elements, Zn and Fe were present in relatively high amounts,
with concentrations ranging from 5.98 to 9.39 mg/100 g DW for Zn and 4.23 to
8.63 mg/100 g DW for Fe. Some reported values for Zn and Fe in PO between 0.27 and
27, and 0.96 and 65 mg/100 g DW, respectively [16]. The AR for Zn is between 6.2 and
10.2 mg/day. For Fe, it is 6 mg/day, indicating that the three mushroom samples sig-
nificantly contribute to the daily AR of these minerals. Mn content varied between 0.70
and 0.84 mg/100 g DW without significant differences between mushrooms. Some re-
ports for Mn content in PO cultivated in Bangladesh exhibited higher concentrations
(0.5–3 mg/100 g DW) [78]. Comparing these Iberian cultivated mushrooms with Asian
cultivated mushrooms, specific mineral accumulation and metabolism patterns are also
suggested. These microelements are cofactors of antioxidant enzymes, considered essential
antioxidant micronutrients. Cu is also a vital mineral, being a cofactor of several important
enzymes [4,77], and its AI is between 1.3 and 1.6 mg/day in adults [49]. The content of
Cu ranged from 0.93 and 1.13 mg/100 g DW, with a significantly lower concentration in
POC. All mushrooms are also good contributors to the daily AI of Cu. Al and Co exhibited
concentrations lower than 0.67 mg/100 g DW in all mushrooms. Se is an essential micronu-
trient with antioxidant and immunomodulatory properties [77] detected in concentrations
between 0.04 and 0.10 mg/100 g DW in all mushrooms, with POL containing significantly
higher concentrations. The daily AI of Se is 70 µg, with all mushrooms as good sources of
Se, especially POL.

Regarding potentially toxic elements, in all mushrooms, the detected levels of Cd
and Pb were below 20 µg/100 g DW. These values were lower than the Effiong et al.
(2023) [36] report for PO (produced in Nigeria). Accordingly, these values are below the
recommended daily allowance for these minerals, corroborating that these mushrooms are
safe and do not contribute to heavy metal toxicity [36]. POL exhibited higher concentrations
of most minerals (P, Mg, Ca, Fe, Se); however, POA had the highest overall mineral content,
primarily due to its significantly elevated concentration of K, which was the highest among
all mushrooms. The differences in growing conditions and metabolic requirements may
result in specific mechanisms for mineral absorption in each mushroom [4,9,24,37].

3.5. Fatty Acid (FA) Composition

The FA profile of POL, POC, and POA is presented in Table 8. POL exhibited the
highest content of total FAs identified and quantified (1917.28 mg/100 g DW) in accor-
dance with centesimal characterization results (Table 1) but without significant differences
compared with POA (1742.12 mg/100 g DW). The results indicate that POA possessed the
lowest concentration of total FAs quantified, namely 1411.37 mg/100 g DW.
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Table 8. Fatty acid (FA; mg/100 g DW) composition of POL, POC, and POA Pleurotus ostreatus species.
Results are expressed as mean ± standard deviation based on three independent replicates (n = 3).

Chemical Parameter POL POC POA

Caproic acid (C6:0) N.D. 1.25 ± 0.10 b 2.12 ± 0.28 a

Myristic acid (C14:0) 2.66 ± 0.10 b 3.36 ± 0.26 a 2.57 ± 0.21 b

Pentadecanoic acid (C15:0) 54.83 ± 2.19 a 28.46 ± 1.92 c 33.19 ± 2.73 b

Palmitic acid (C16:0) 253.39 ± 9.57 a 221.59 ± 16.24 b 200.46 ± 16.90 b

Palmitoleic acid (C16:1 c9) 8.47 ± 0.28 a 8.03 ± 1.19 a 7.48 ± 1.53 a

Heptadecanoic acid (C17:0) 6.26 ± 0.17 a 5.25 ± 0.16 b 5.04 ± 0.57 b

Stearic acid (C18:0) 44.67 ± 1.62 a 17.26 ± 1.23 c 24.44 ± 1.48 b

Elaidic acid (C18:1 t9) 1.16 ± 0.12 a 1.00 ± 0.04 a,b 0.89 ± 0.17 b

Oleic acid (C18:1 c9) 305.40 ± 10.12 a 215.87 ± 16.96 b 218.19 ± 16.48 b

cis-vaccenic acid (C18:1 c11) 20.82 ± 0.52 a 8.26 ± 1.41 b 10.09 ± 0.97 b

c18:1 c4/t6 2.09 ± 0.09 b 3.75 ± 0.30 a 4.19 ± 0.43 a

Linoleic acid (LA) (C18:2 c9c12) 1126.46 ± 35.37 a 1140.47 ± 85.85 a 819.95 ± 71.74 b

Arachidic acid (C20:0) 19.18 ± 1.94 a 18.85 ± 2.84 a 14.96 ± 1.88 a

γ-linolenic acid (C18:3 c6c9c13) 1.56 ± 0.16 a 1.73 ± 0.24 a 0.94 ± 0.08 b

Paullinic acid (C20:1 c13) 2.70 ± 0.27 a N.D. 1.10 ± 0.10 b

α-Linolenic Acid (ALA) (C18:3
c9c12c15) 2.18 ± 0.22 a 2.19 ± 0.27 a 1.53 ± 0.09 b

C18:2 t9t11 1.36 ± 0.09 a N.D. 1.50 ± 0.15 a

Heneicosanoic acid (C21) 1.95 ± 0.36 a 1.94 ± 0.30 a 1.16 ± 0.13 b

Behenic acid (C22:0) 15.83 ± 2.10 a 3.73 ± 0.50 b 1.20 ± 0.19 c

Dihomo-γ-linolenic acid (DGLA)
(C20:3 c8c11c14) 1.13 ± 0.05 b 2.54 ± 0.50 a 2.41 ± 0.24 a

C20:3 c11c14c17 2.41 ± 0.16 b 4.41 ± 0.14 a 4.68 ± 0.68 a

α-eleostearic acid (C18:3 c9t11t13) 10.39 ± 0.63 b 21.64 ± 2.20 a 21.91 ± 2.00 a

Eicosapentaenoic Acid (EPA) (C20:5
c5c8c11c14c17) 10.98 ± 1.16 b 20.14 ± 2.26 a 20.80 ± 2.22 a

Catalpic acid (C18:3 t9t11t13) 1.55 ± 0.21 b 2.14 ± 0.20 a 2.22 ± 0.37 a

Tricosanoic acid (C23) 1.53 ± 0.18 b 2.12 ± 0.24 a 2.21 ± 0.07 a

C22:2 c13c16 1.09 ± 0.14 a N.D. N.D.
Lignoceric acid (C24:0) 11.94 ± 1.16 a 2.75 ± 0.49 b 3.27 ± 0.32 b

Nervonic acid (C24:1 c15) N.D. N.D. N.D.
Docosahexaenoic acid (DHA)

(C22:6 c4c7c10c13c16c19) 5.31 ± 0.75 a 3.38 ± 0.50 b 2.84 ± 0.24 b

Total SFAs + 410.28 ± 12.54 a 304.62 ± 22.38 b 289.48 ± 23.92 b

Total MUFAs + 340.65 ± 10.93 a 236.91 ± 19.82 b 241.94 ± 19.44 b

Total PUFAs + 1160.19 ± 35.72 a 1195.88 ± 90.06 a 876.61 ± 77.71 b

Total FAs + 1917.28 ± 60.25 a 1742.12 ± 133.78 a 1411.37 ± 120.45 b

UFAs/SFAs 3.66 ± 0.01 c 4.70 ± 0.04 a 3.86 ± 0.03 b

MUFAs/SFAs 0.83 ± 0.01 a 0.78 ± 0.01 b 0.84 ± 0.00 a

PUFAs/SFAs 2.83 ± 0.01 c 3.93 ± 0.03 a 3.03 ± 0.03 b

Different superscript letters within the same row indicate statistically significant differences (p < 0.05).
SFA—saturated fatty acids; MUFA—monounsaturated fatty acids; PUFA—polyunsaturated fatty acids; FA—fatty
acids. + Total SFAs, MUFAs, PUFAs, and FAs were calculated by the sum of identified and quantified respective
FAs. N.D. not determined.

Linoleic acid was the most prevalent FA in the three mushrooms, ranging from
819.95 to 1140.47 mg/100 g DW (with a significantly lower content in POA). The
second most abundant FA was oleic acid, with a considerably higher prevalence in
POL (305.40 mg/100 g DW). Palmitic acid concentrations varied between 200.46 and
253.39 mg/100 g DW, with POL exhibiting the highest concentration. The antihypercholes-
terolemic properties have been associated with oleic acid, an essential monounsaturated
fatty acid (MUFA) [80,81]. Linoleic acid (omega-6) is an essential polyunsaturated fatty
acid (PUFA) that plays important roles in brain, cardiovascular, and kidney functions [4,81].
EFSA established a daily AI of linoleic acid of 4% of total dietary energy [49], with all
mushroom samples being a good source of this FA.

Palmitic, linoleic, and oleic acids are typically the most prevalent in mushrooms [4,
17,23,24,80,81]. In accordance with the present study, the linoleic acid content in Pleurotus
spp. generally corresponded to 4.3–78.3% of total FAs. Regarding oleic acid, some reported
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values for this genus ranged from 3.7 to 27.1% of total FAs, aligning with the present
data [17,23,24,81]. Ogwok et al. (2017) [82] studied the FA profile of PO grown in soil
and on cottonseed husks in Uganda. Although oleic and linoleic acids are among the
most prevalent unsaturated FAs (UFAs), the most prevalent saturated FA (SFA) in PO
grown in soil was tricosanoic acid, while in cottonseed it was lignoceric acid. This study
suggests a distinct FA profile compared with the studied Iberian Peninsula mushrooms.
Moreover, the use of cottonseed as substrate seems to promote a higher diversity of FAs
than soil grown [82]. This comparative study corroborates the impact of different regions
and cultivation methods. In contrast, Rodrigues et al. (2015) [24] studied Pleurotus spp.
cultivated in Gandra (Portugal) under biological cultivation with organic substrate, and
Reis et al. (2012) [23] compared different mushroom species obtained from Bragança
supermarkets (Portugal). Although some differences in the FA profile were registered,
palmitic, oleic, and linoleic acids were also the most prevalent in both studies. This probably
results from the similar geographic locations of production. As reviewed by Sande et al.
(2019) [81] and Enshasy et al. (2015) [17], the FA profile of mushrooms significantly varies
according to the species, substrate, and geographic distribution.

POL had significantly higher levels of pentadecanoic acid (54.83 mg/100 g DW), stearic
acid (44.67 mg/100 g DW), and behenic acid (15.83 mg/100 g DW). In comparison, POC
and POA showed higher concentrations of α-eleostearic acid (21.64–21.91 mg/100 g DW).
Beyond palmitic acid, pentanoic and stearic acid are generally the most prevalent SFAs [17].
Concerning omega-3, eicosapentaenoic acid concentrations varied between 10.98 and
20.80 mg/100 g DW, with POL exhibiting significantly lower values. Contrarily, the re-
sults suggest that docosahexaenoic acid was considerably higher in POL, with values
between 2.84 and 5.31 mg/100 g DW in the three mushrooms. α-linolenic acid was sig-
nificantly lower in POA (1.53 mg/100 g DW), without significant differences between the
other mushrooms (2.18–2.19 mg/100 g DW). These values agreed with the literature data,
where mushrooms are richer sources of omega-6 than omega-3, mainly due to the higher
concentration of LA [17,80,82].

In POL, POC, and POA, the SFAs were more prevalent than MUFAs. However, PUFAs
were the most prevalent group, with ratios of unsaturated fatty acids (UFAs) and SFAs
higher than 3.66 in all mushrooms. These ratios were higher than those reported for PO
cultivated in Nigeria and other edible and medicinal species cultivated in the USA [35,80].
This corroborated the interesting and valuable profile of POL, POC, and POA, which are
particularly beneficial for cardiovascular health [49]. The results indicated a significantly
higher ratio of UFA: SFA (4.70) and PUFA: SFA (3.93) in POC. POL was the species with the
lower UFA: SFA (3.66) and PUFA: SFA (2.83) due to the considerably higher prevalence of
SFA (410.28 mg/100 g DW).

The FA results suggested that all three mushrooms possess low FA concentrations
compared to proteins, carbohydrates, and minerals, but are nutritionally valuable sources
of essential FA (e.g., linoleic and oleic acids), with specific profiles that could be valuable for
different nutritional requirements. The literature comparison suggests that the FA content
and profile depend on the cultivation method, geographic location, and species.

3.6. Characterization by Fourier Transform Infrared (FTIR) Spectroscopy

Figure 4 presents the FTIR spectra of the three PO mushrooms (POL, POC, and POA)
across the 4000–600 cm−1 wavenumber range. FTIR spectroscopy detects carbohydrates,
proteins, and FAs through the vibration of atoms [5]. These spectra exhibited similar
overall patterns while confirming the distinct composition of each mushroom sample.
Characteristic absorption bands for mushroom components appeared in three key regions:
3500–3000 cm−1, 1800–1500 cm−1, and 1200–900 cm−1. The most notable spectral differ-
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ences occurred within the 1200–900 cm−1 region, which corresponds to carbohydrate vibra-
tions. Absorption peaks between 1077 and 1042 cm−1, attributed to polysaccharides [24],
showed varying intensities among samples. POC and POA spectra demonstrated higher
intensities in this carbohydrate region, corroborating their higher carbohydrate content as
determined by proximate composition (Table 1). Specific wavenumber regions correspond
to polysaccharide functional groups that define glycosidic bonds [5]. The band at 890 cm−1

indicates β-glycosides, while bands at 860–810 cm−1 represent α-glycosides [24]. POL
exhibited reduced intensities in these regions, consistent with its lower β-glucans and
α-glucans content.

Figure 4. Raw infrared spectra of the POL, POC, and POA Pleurotus ostreatus species, wavenumber
range from 4000 to 600 cm−1. __ POL; __ POC; __ POA.

The band at approximately 3300 cm−1 corresponds to O–H and C-H stretching vibra-
tions in polysaccharides [24,83], with POC and POA exhibiting higher intensities than POL.
The 2900–2880 cm−1 region, associated with CH2 and CH3 stretching of FAs in the cell
wall [24], also shows variation among mushrooms but is not correlated with fat content or
FA profile. In the 1800–1500 cm−1 region, the bands at approximately 1650 cm−1 (amide I)
and 1560 cm−1 (amide II) represent protein components [24]. Despite POL containing
significantly higher protein content (Table 1), this exhibited similar intensities to POA in
this region of the FTIR spectra and was lower than POC. This may suggest differences in
protein structure among mushrooms and aligns with variations in protein and peptide pro-
file (where POL exhibits a distinct profile compared with the other mushrooms), possibly
affecting spectral properties.

The FTIR results confirmed that although POL, POC, and POA belong to the same
species, they possess distinct chemical characteristics contributing to their unique nutri-
tional profiles. This approach corroborated the specific nutritional differences in POL, POC,
and POA.

4. Conclusions
The present study demonstrated the high nutritional value of three PO mushrooms

and their distinct biochemical profiles. POL, POC, and POA are rich sources of glucans,
especially (1→3)(1→6)-β-glucans. All species significantly contribute to the EFSA AI and
AR daily recommendations of fiber, protein, and several minerals (K, P, Mg, Zn, Fe, Cu, and
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Se), suggesting numerous health benefits such as prebiotic potential. FA composition analy-
sis revealed that all mushrooms are valuable linoleic and oleic acid sources, with favorable
UFAs to SFAs and K to Na ratios, suggesting potential cardiovascular health benefits.

Compared with the literature data, these findings may suggest that these Iberian
cultivated mushrooms have a distinct chemical profile compared to PO cultivated mush-
rooms from Europe, America, Asia, and Africa. Mushroom biochemical profiles were also
strongly influenced by cultivation methods. The biologically cultivated POL mushroom
demonstrated enhanced protein, fat, mineral content, and higher essential AA content.
POL nutritional profile is particularly interesting as an alternative and valuable source of
protein. In contrast, the industrial mushrooms, POC and POA, exhibited higher carbo-
hydrate content, particularly Tre and (1→3)(1→6)-β-glucans. Beyond the wide range of
health benefits reported for β-glucans, Tre possesses valuable cryoprotective properties
advantageous for functional food formulations.

These findings underscore the potential application of these mushrooms in tailored
functional foods and nutraceutical formulations, with specific characteristics for distinct
nutritional requirements. In future research, other variations in cultivation parameters
(e.g., substrate composition) could be evaluated to optimize desired nutritional profiles.
The study of the gastrointestinal tract impact and consequent bioavailability will allow
us to understand the optimal processing conditions that preserve the mushrooms’ bene-
ficial properties. In vitro studies will also be crucial to identify bioactive properties, for
instance, in vitro fecal fermentation to understand the potential of these mushrooms in gut
microbiota modulation. In vivo studies will validate physiological activities and help in
defining applications to POL, POC, and POA. Additionally, future work should include
the development and sensory evaluation of functional foods incorporating these mush-
rooms, such as protein-enriched foods utilizing POL and functional products utilizing the
POC and POA as a rich polysaccharide source. These specific investigations will further
elucidate their health-promoting potential and optimize their applications in the food and
pharmaceutical industries.
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