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Abstract

The high-Andean grass Jarava ichu (Poaceae) plays a vital role in water regulation and
aquifer recharge. However, its limited use is often linked to forest fires, highlighting the
need for sustainable alternatives. Therefore, this study aims to explore the valorization
of ichu as a substrate for the cultivation of Pleurotus spp. (P. citrinopileatus, P. djamor, and
P. ostreatus) and to evaluate the potential of the residual substrate as a biofertilizer, offering
an ecological alternative to grassland burning in the Peruvian Andes. Samples of ichu from
the district of Tomás (Lima, Peru) were used as culture substrate, analyzing productivity
indicators such as crop cycle (CC), biological efficiency (BE), and production rate (PR),
together with the nutritional profile of the fungi and the chemical properties of the residual
substrate. The results showed an average biological efficiency of 19.8%, with no significant
differences (p > 0.05) in CC, BE, or PR among the species, confirming the viability of ichu
as a substrate. The fungi presented a high protein content (24.1–30.41% on a dry basis),
highlighting its nutritional value. In addition, the residual substrate exhibited elevated
levels of phosphorus (795.9–1296.9 ppm) and potassium (253.1–291.3 ppm) compared to
raw ichu (0.11–7.77 ppm for both nutrients). Germination tests on radish seeds showed
rates between 80% and 100%, without inhibition, supporting its potential as a biofertilizer.
This study demonstrates the double potential of ichu as a substrate for the sustainable
production of edible mushrooms of high nutritional value and as a source of biofertilizers.

Keywords: Pleurotus cultivation; sustainable substrate; valorization of Andean grasslands

1. Introduction
High-Andean grasslands, which cover 14.2% of Peru’s territory [1,2], are vital ecosys-

tems of both economic and environmental significance. These regions support extensive
livestock, primarily involving camelids, cattle, and sheep—an activity that constitutes a cru-
cial income source for local communities. Additionally, these grasslands serve as the most
cost-effective source of fodder, sustaining up to 84% of the country’s high-Andean livestock
production [1]. Beyond their economic role, high-Andean grasslands provide essential

Sustainability 2025, 17, 6695 https://doi.org/10.3390/su17156695



Sustainability 2025, 17, 6695 2 of 19

ecosystem services, including carbon sequestration—estimated at 0.5 Gt per hectare—and
water regulation, which enhances soil infiltration and aquifer recharge during dry peri-
ods [3,4]. Furthermore, fodder vegetation coverage mitigates soil erosion in mountainous
landscapes, while deep-rooted grasses contribute to soil structure stability and humidity
retention [5]. These ecosystems also serve as habitats for endemic fauna and provide
essential resources for farming communities, including construction materials and fuel for
heating homes and cooking food (energy source) [1,6].

High-Andean grasslands provide essential economic and environmental benefits;
however, 62% of these ecosystems are undergoing degradation [7] and face signifi-
cant threats from traditional burning practices, overgrazing, and the impacts of climate
change [8,9]. Among these threats, grassland burning—although a cost-effective and rapid
method—results in biodiversity loss, soil fertility depletion, and exacerbation of climate
change effects. This practice leads to a decline in bacteria and fungi essential for biogeo-
chemical cycles, organic matter loss, and alterations in key soil properties, including pH
and bulk density [10]. Given these challenges, adopting sustainable management strategies
for high-Andean ecosystems is imperative.

One potential sustainable use of the Ichu (Jarava ichu) is as a substrate for cultivating
edible mushrooms. J. ichu, a species of the Poaceae family, is characterized by its upright
growth, forming dense tillers with stems reaching up to 180 cm in height. This grass thrives
in high-Andean ecosystems from 3000 above sea level (masl) [11] and is predominant in the
grasslands of the Jalca [12], puna, and paramo (Spanish term for high moorland) ecoregions.
It is also distinguished by its easy availability, low harvesting cost (~0.15 USD·kg−1) [11],
and high lignocellulose content [13]. As a native and wild-growing species, J. ichu does
not require cultivation or compete with other crops for agricultural land use. Its annual
production in Peru is approximately 76 kt [14]. These characteristics position the Ichu
as a promising resource for various innovative local applications, including its potential
use as a substrate for cultivating edible mushrooms, particularly the genus Pleurotus
spp. This genus is widely recognized for its high nutritional value [15,16] and medicinal
properties [17]. Additionally, Pleurotus species offer advantages such as rapid growth,
minimal environmental requirements, heavy metal absorption capacity, and resistance to
diseases and pests [18].

Mushroom cultivation not only provides direct benefits but also generates a valuable
by-product: spent mushroom substrate (SMS) residue, which can be used as an organic
amendment or biofertilizer to enhance soil fertility and quality [19–21]. Incorporating SMS
as a soil amendment alters soil composition and porosity [22] while enriching its mineral
profile [23]. Furthermore, substrate optimization studies have demonstrated how optimized
SMS preparation can enhance soil quality and reduce nutrient losses, shedding light on the
mechanisms through which SMS improves soil properties [24]. SMS is characterized by
a high content of extracellular lignocellulolytic enzymes, including ligninases, cellulases,
hemicellulases, and pectinases. These enzymes degrade the polysaccharides in the residual
substrate’s cell walls, breaking them into a wide range of organic compounds (such as
carbohydrates, proteins, and lipids) and inorganic compounds, including ammonium
nitrate [25]. This increased nutrient bioavailability facilitates the rapid propagation and
colonization of fungal mycelium during mushroom production [26] and makes SMS a
valuable resource for reuse.

Recent reviews, such as Kousar et al. (2024), emphasize the need to investigate the
effectiveness of SMS across different soil types and crop systems, highlighting current gaps
in knowledge and the potential for context-specific applications [27]. In this context, ligno-
cellulosic SMS residues derived from Jarava ichu used as a substrate for Pleurotus cultivation,
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which would otherwise have no significant economic value, represent a promising resource
for generating novel bio-inputs.

These include biofertilizers for agriculture, reusable substrates for edible mushroom
cultivation, and high-nutritional-value feed for livestock [23,26]. In this regard, long-term
evaluations, such as the study by Iglesias et al. (2025), highlight the environmental and
economic implications of SMS application, offering a broader perspective on its sustain-
ability and potential trade-offs [28]. Furthermore, Leong et al. (2022) emphasized the need
to optimize SMS application methods to enhance its agronomic benefits and maximize its
efficiency in sustainable agricultural practices [29].

While various lignocellulosic agricultural by-products have been evaluated as sub-
strates for edible mushroom cultivation [30,31], the Ichu—despite its high lignocellulose
content and wide availability—has not yet been studied for this purpose in Peru. Its
utilization could mitigate the need for pasture burning and provide a novel source of
functional foods, given its nutraceutical properties and bioactive compounds, which serve
as natural sources of antioxidants, proteins, and amino acids [32]. Additionally, J. ichu holds
potential for biofertilizer production, contributing to the sustainability of high-Andean
agricultural systems. Although previous studies have examined the cultivation of Pleurotus
spp. using lignocellulosic substrates, there is currently no scientific record of using Jarava
ichu, a native grass of high-Andean ecosystems, for such purposes. This study introduces
an integrative and novel approach by assessing J. ichu not only as a sustainable substrate
for edible mushroom cultivation but also as a potential source of organic biofertilizers. The
combination of these two high-value applications within a single experimental system
constitutes an original contribution to current scientific knowledge. In this context, the ob-
jective of this work is to evaluate the dual potential of Jarava ichu as an alternative substrate
for the production of edible mushrooms of high nutritional value and as an organic input
for the source of biofertilizer production, thus fostering sustainability strategies for the
valorization of native species in high-altitude agroecological systems.

2. Materials and Methods
2.1. Sample Collection and Selection of Biological Material

Ichu samples (6 kg) were randomly collected from a 2 m × 2 m (4 m2) plot with
homogeneous characteristics, including vegetation coverage, age, and height. Within this
designated plot, stems were extracted exclusively from tillers in the senescence stage—a
phenological phase characterized by the lowest humidity levels in the species’ growth
cycle. The sample collection site is situated at an altitude of 4050 masl, with geographical
coordinates 418,914.20 East and 8,647,138.14 North, in the district of Tomas, province of
Yauyos, department of Lima, Peru.

The fungal species Pleurotus citrinopileatus, Pleurotus djamor, and Pleurotus ostreatus,
known for their ability to degrade lignocellulosic materials, were used to assess the Ichu’s
suitability as a potential substrate for its cultivation. These species were supplied by a
company specializing in research, product development, and innovative solutions based
on edible and medicinal mushrooms.

Raphanus sativus var. Crimson Giant was used to assess the use of spent mushroom
substrate as a biofertilizer derived from the cultivation of Pleurotus species.

2.2. Proximal Analysis of the Ichu-Based Substrate

The Ichu samples were transported to the Food Analysis Laboratory of the Nutritional
Research Institute (IIN) for proximal analysis and determination of their main components.
Humidity, ash, fat, protein, and crude fiber contents were measured following AOAC (2023)
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standard procedures [33]. Carbohydrate content, total energy, and kilocalorie values were
calculated using the MS-INN method described by Collazos (1993) [34].

2.3. Cellulose and Lignin Analysis in the Ichu-Based Substrate

The cellulose and lignin analyses in the Ichu samples followed the official ANKOM
reference methods [35] for their quantification: cellulose (ANKOM, 2005; Method N◦ 5)
and lignin (ANKOM, 2005; Method N◦ 8). These analyses were performed at the Food
Nutritional Evaluation Laboratory of the Universidad Nacional Agraria La Molina, Peru.

2.4. Pleurotus spp. Cultivation

The fungal cultivation process was conducted following the procedure described
by Akcay et al. (2023) [36], with some modifications. Initially, Ichu was chopped into
3–4 cm fragments, and a total of 3600 g was weighed and evenly distributed into nine
perforated polypropylene bags, each containing 400 g. The sealed bags were then immersed
in drinking water for 12 h. To remove excess humidity, the bags were drained for 1 h before
transferring the material to new polypropylene bags for autoclaving at 121 ◦C for 15 min.
After sterilization, the substrate was allowed to cool to room temperature. The fungal
species P. citrinopileatus, P. djamor, and P. ostreatus were then inoculated separately using
wheat seeds colonized by the mycelium of each species, following the modified method
of Rodríguez et al. (2021) [37]. To prepare the mycelium-colonized seeds, 100 g of shelled
wheat seeds were washed with detergent and rinsed thrice. The seeds were placed in
250 mL Erlenmeyer flasks and autoclaved at 121 ◦C for 15 min. Once cooled to room
temperature, the seeds were inoculated with a 10 mm diameter agar disc containing
mycelium previously grown on PDA agar. The inoculated seeds were incubated in the
dark at 28 ◦C for five days until fully colonized by the mycelium. Contamination absence
was assessed through visual inspection, and any samples exhibiting abnormal coloration
or lacking mycelial growth were discarded. The wheat seed inoculum accounted for 8.1%
of the dry weight of the substrate in each Pleurotus culture bag.

The experiment was conducted with three replicates for each Pleurotus species.
Substrate-filled bags were maintained in an incubation chamber at 25 ◦C with 70–80%
relative humidity for 21 days. Once mycelial growth became abundant and/or primor-
dia had formed, the bags 0077ere transferred to the fruiting chamber for 7 to 10 days.
At this stage, a 2 cm incision was made in two central areas on the lateral sides of each
bag to facilitate the development of fruiting bodies or basidiocarps [38], as shown in
Figure 1. Relative humidity and temperature in the incubation chamber were monitored
using a Giardino HTC-2 digital thermo-hygrometer to ensure stable conditions within the
recommended parameters.

2.5. Productivity Indicators of Pleurotus Cultivation

Mushroom productivity was assessed using the following indicators: the cultivation
cycle (CC), biological efficiency (BE), and production rate (PR). The CC was defined as
the number of days from sowing to the last harvest. The BE was calculated as the ratio
between the mushroom’s fresh weight (g) and the dry weight of the substrate (g), as stated
by Salmones et al. (1997) [39]. The PR was determined as the quotient of BE and the total
time elapsed from inoculation to the last harvest [40].

2.6. Proximal Analysis of Pleurotus

The proximal analysis of the fruiting bodies of P. citrinopileatus, P. djamor, and P.
ostreatus was conducted following established procedures in official reference methods for
the quantification of key parameters: protein (AOAC 2001.11.2023) [33], humidity (NTP-
ISO 1442.2006) [41], ash (NTP 201.022.2002) [42], total fat content (NTP 201.016.2002) [43],
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and crude fiber (AOCS-BA 6-84.2017) [44]. Carbohydrate content was determined using
the MS-INN method described by Collazos (1993) [34]. These analyses were performed at
the Food Analysis Laboratory of the Nutritional Research Institute of Peru.

 

A B 

C D 

Figure 1. Progressive development of Pleurotus spp. cultivated on Ichu (J. ichu) substrate: (A) pri-
mordia formation of fruiting bodies, (B) growth of P. djamor fruiting bodies, (C) growth of P. ostreatus
fruiting bodies, and (D) mature P. citrinopileatus fruiting bodies ready for harvest.

2.7. Potential of Pleurotus SMS Spent Substrate as Biofertilizer

The effect of the post-culture substrate from P. citrinopileatus, P. djamor, and P. ostreatus
on the germination of Raphanus sativus var. Crimson Giant was evaluated. The experimental
design included three treatments (T1, T2, and T3), in which 50 mL of spent substrate
from P. citrinopileatus, P. djamor, and P. ostreatus was mixed with 450 mL of sterile soil. The
control treatment (Tc) consisted of 500 mL of sterile soil, with fertilization provided by a
hydroponic solution sourced by Universidad Nacional Agraria La Molina. This solution
was prepared by diluting 0.5 mL of Solution A and 0.2 mL of Solution B in 100 mL of
irrigation water. A completely randomized design was used, with each treatment replicated
five times. In each replicate, two seeds of Raphanus sativus var. Crimson Giant were sown.
The germination percentage was recorded for each treatment.
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In addition, the chemical characteristics of the residual substrate from each of the
three Pleurotus species were analyzed following official AOAC standard procedures [33,45].
The assessed parameters included humidity (AOAC 930.04, 2023) [46], nitrogen (AOAC
2001.11, 2023) [33], pH (AOAC 981.12, 2023) [47], phosphorus (AOAC 970.39, 2019) [48],
and potassium (AOAC 975.03, 2019) [49]. All analyses were conducted at the Food Analysis
Laboratory of the Nutritional Research Institute of Peru.

2.8. Economic Analysis or Valorization of Pleurotus spp. Cultivation on Ichu

The economic viability of cultivating Pleurotus spp. using J. ichu as a substrate was
assessed through a methodological framework encompassing mushroom production, the
residual substrate’s valorization, and the production system’s financial analysis. A 24 m2

production area was established for a small-scale, resource-limited producer. The pro-
cessing capacity was 150 kg of dried Ichu per production cycle. Fixed and variable costs
were determined, considering infrastructure, inputs, labor, transportation, and energy.
Fresh mushroom production was estimated at 490 kg annually, costing 3.56 USD kg−1. A
benchmark selling price of 6.58 USD·kg−1 was established, enabling the net profitability
of the system‘s calculation. Additionally, the input–output ratio and rate of return on
investment were estimated to evaluate the financial feasibility of the system.

2.9. Data Analysis

Treatment comparisons were conducted using analysis of variance (ANOVA) for a
completely randomized design (CRD) with SPSS software (version 26) at a 95% confidence
level. Significant differences between treatments were identified through multiple compar-
isons using the Tukey HSD test as a post hoc analysis. Additionally, ANOVA assumptions,
including residual normality and homogeneity of variances, were assessed using the
Kolmogorov–Smirnov and Levene tests to ensure the statistical validity of the results.

3. Results and Discussion
3.1. Proximal Composition of Ichu

The nutrient composition of the substrate directly influences the chemical composition
and biological characteristics of Pleurotus spp. [50]; therefore, the proximal composition
of Ichu was determined. The results indicated that crude fiber (38.90 g·100 g−1) and
carbohydrates (40.26 g·100 g−1) were the primary components of this material (Table 1). The
protein content (5.53 g·100 g−1) was also recorded, which falls within the range reported
for J. ichu. (3.43–7.17%) across different seasons, as described by Mamani-Linares and
Cayo-Rojas (2021) [51]. Furthermore, the humidity content of the analyzed samples at the
senescence phenological stage aligned with the values reported by Mori et al. (2019) [14].
During this stage, the species undergoes loss of green pigmentation, wilting of plant
structures, and the plant’s progressive drying, explaining the reduction in humidity levels
compared to other phenological stages. For instance, in previous stages, humidity values
as high as 57% on a dry basis have been observed [52].

Regarding energy content, the majority of the available energy in Ichu is derived
from carbohydrates (161 kcal·100 g−1), followed by protein (22 kcal·100 g−1) and fat
(6 kcal·100 g−1). This composition profile makes Ichu a suitable substrate for mushroom
mycelium growth, providing an optimal energy balance and essential nutrients.

In mushroom cultivation, the nitrogen content of the substrate plays a crucial role
in mycelial development, as it is essential for cell wall formation, as well as protein,
nucleic acid, and polysaccharide synthesis. Furthermore, nitrogen directly influences the
growth and yield of Pleurotus spp. [50]. For instance, Rizki and Tamai (2011) reported
that a substrate composed of oil palm residues with a nitrogen content of 2.09% facilitated
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complete mycelial colonization and enhanced the formation of initial structures (pinheads)
in P. ostreatus [53]. However, excessive nitrogen can inhibit mycelial growth and slow its
development (slower spawn run), as Baysal et al. (2003) observed [54]. Previous studies
suggest that an optimal nitrogen range of 0.5–1.5% in the substrate enhances the biological
efficiency of Pleurotus spp. cultivation [55]. In this study, Ichu exhibited a nitrogen content of
0.88%, indicating that it falls within the optimal range for efficient Pleurotus spp. cultivation.

Table 1. Proximal composition of Ichu (J. ichu).

Parameter Unit Result

Humidity g·100 g−1 8.8
Ashes g·100 g−1 5.75
Fat g·100 g−1 0.68
Proteins g·100 g−1N × 6.25 5.53
Crude fiber g·100 g−1 38.90
Carbohydrates g·100 g−1 40.26
Total energy kcal·100 g−1 189
Carbohydrates kcal·100 g−1 161
Proteins kcal·100 g−1 22

3.2. Cellulose and Lignin Content of Ichu

Lignin is a complex, recalcitrant polymer that forms a physical barrier around struc-
tural polysaccharides in plant biomass, making it difficult for fungi to access the cellulose
and hemicellulose necessary for their growth. Pleurotus fungi possess ligninolytic enzymes,
such as laccases, lignin peroxidases, and manganese peroxidases, which allow them to
degrade lignin and access fermentable carbohydrates. However, the efficiency of this
process may vary according to the specific composition and structure of the lignin present
in the substrate [56].

The cellulose and lignin contents in Ichu (J. ichu) were found to be 34% and 9.58%,
respectively. These values are comparable and close to those reported for other species
within the Jarava genus (synonymous with Stipa), such as Stipa obtusa, which has been
documented to contain 38.07% cellulose and 15.56% lignin [14]. Variations in these values
may be attributed to intraspecific differences, variations in environmental conditions, or
the phenological stage of the plants at the time of sampling. According to Albarracín et al.
(2019), the chemical composition of grasses undergoes significant changes throughout
their life cycle, with cellulose and lignin concentrations progressively increasing as the
species’s senescence advances [57]. Additionally, studies have demonstrated that factors
such as altitude and soil type can influence lignin content in Jarava species and other
seasonal grasses [51].

3.3. Performance of Pleurotus Cultivation Based on Productivity Indicators

The productivity of three Pleurotus species cultivated using Ichu as a substrate was
evaluated using the following indicators: cultivation cycle (CC), biological efficiency (BE),
and production rate (PR), as shown in Figure 2. ANOVA results for each productivity
indicator yielded a p-value > 0.05, indicating no significant differences in CC, BE, or PR
among the three Pleurotus species grown on Ichu as a substrate. These findings suggest
that, despite species differences, their yields were similar. Consequently, the average BE of
the three species, 19.8%, will be used for further analysis. This BE value is higher than that
reported by Puliga et al. (2022), who found BE values of 0.8%, 11%, and 10.8% for G. lucidum,
L. edodes, and P. cornucopiae, respectively, using hazelnut husks as a substrate [58]. However,
the 19.8% BE observed in this study is lower than the values reported in other studies.
Nieto-Juárez (2021) reported a BE of approximately 60% using coffee husk residue as a
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substrate [27]. Obadai et al. (2003) found a BE of 50.64% for P. ostreatus cultivated on a rice
straw-based substrate [59].

Figure 2. Comparative analysis of productivity indicators in three Pleurotus species cultivated on
Jarava ichu substrate: (A) cultivation cycle, (B) biological efficiency (%), and (C) production rate. No
significant differences were observed among species (p > 0.05, ANOVA).

The differences observed in BE could be attributed to variations in the lignin content
of the substrates. According to Albarracín et al. (2015), Ichu contains 45.9% cellulose and
18.2% lignin [52]. Similarly, Sims et al. (2008) reported that cellulose constitutes 40–50% of
the dry weight of plant material, while lignin accounts for 15–20% [60]. In contrast, hazelnut
husks have a lignin content of 40–50% (Puliga et al., 2022) [58]. These findings suggest that a
high lignin content in substrates negatively affects fungal BE. Badu et al. (2011) emphasized
the importance of substrate composition, particularly lignin content, in the cultivation
performance of P. ostreatus [61]. Lignin acts as a protective barrier, limiting cellulose and
hemicellulose degradation and thereby reducing sugar availability for fungal metabolism.
Additionally, it is essential to acknowledge that BE is influenced by multiple factors,
including fungal species, substrate composition, and environmental conditions [62,63].

This study explores the potential use of Ichu as a substrate for mushroom cultivation.
The results demonstrate that all three tested species successfully grew on this substrate,
which has not previously been utilized for Pleurotus cultivation. Furthermore, the findings
suggest that Ichu is as effective as other lignocellulosic substrates in supporting Pleurotus
production. However, it is important to note that biological efficiencies above 50% are
generally considered economically viable for mushroom cultivation, according to Ríos
et al., 2010 [64]. Therefore, to optimize mushroom production, it is necessary to enhance
the Ichu-based substrate by supplementing it with alternative substrates rich in easily
metabolized carbohydrate sources to facilitate lignin degradation.

Applicability of pretreatment methods such as chemical [56,65], biological [61], and
combined pretreatments, considering the lignocellulosic composition of Jarava ichu, could
improve its suitability as a substrate for Pleurotus cultivation. However, it is essential to
evaluate the economic and environmental feasibility of these methods in the specific context
of Jarava ichu and local production conditions. In future research, it is recommended to
explore and optimize these pretreatments to determine their effectiveness in improving the
BE and sustainability of the Pleurotus cultivation process.
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3.4. Proximal Composition of Pleurotus spp.

Mushrooms of the Pleurotus genus are widely recognized for their high nutritional
value and beneficial medicinal properties [66–68], which, according to previous studies,
are influenced by cultivation conditions [69]. Table 2 presents the proximal analysis results
for the main components of P. citrinopileatus, P. djamor, and P. ostreatus cultivated on
Ichu substrate. The data indicate that humidity is the predominant component in all
three species, ranging from 82.29% to 84.03%, followed by carbohydrates, which vary
between 49.9% and 56.1%. Protein content was determined using a conversion factor of
4.38, a recommended value for fungi due to their high levels of non-protein nitrogenous
compounds such as chitin [70–73]. Accordingly, protein content ranged from 24.1% to
30.41%. Fiber, ash, and fat were present in lower proportions, with values ranging from
1.50% to 13.59%. These results fall within the ranges reported in previous studies for
Pleurotus species cultivated on various types of substrates [31,74–79]. Residual normality
and homogeneity of variances were confirmed by Kolmogorov–Smirnov and Levene
tests, respectively. Both tests indicated that the data met the assumptions of normal
distribution and equality of variances (p > 0.05). Moreover, ANOVA revealed that no
significant differences (p > 0.05) were observed among the three Pleurotus species cultivated
on Ichu substrate, so no post hoc tests were performed, in accordance with standard
statistical procedures.

Table 2. Proximal composition of P. citrinopileatus, P. djamor, and P. ostreatus.

Parameter Species Wet Basis (%) Dry Basis (%) SD

Humidity (g·100 g−1)
P. citrinopileatus 82.69 - 1.03
P. djamor 84.03 - 3.83
P. ostreatus 82.29 - 6.41

Ash (g·100 g−1)
P. citrinopileatus 1.24 7.16 0.18
P. djamor 0.99 6.2 0.22
P. ostreatus 0.98 5.53 0.3

Fat (g·100 g−1)
P. citrinopileatus 0.32 1.85 0.08
P. djamor 0.24 1.5 0.24
P. ostreatus 0.69 3.9 0.3

Protein (g·100 g−1N × 4.38)
P. citrinopileatus 5.26 30.41 0.6
P. djamor 4.19 26.18 0.96
P. ostreatus 4.27 24.1 0.92

Crude fiber (g·100 g−1)
P. citrinopileatus 1.83 10.57 0.33
P. djamor 2.17 13.59 0.93
P. ostreatus 1.9 10.73 1.09

Carbohydrates (kcal·100 g−1)
P. citrinopileatus 8.65 49.97 0.04
P. djamor 8.08 50.59 1.83
P. ostreatus 9.95 56.18 4.59

Total energy (kcal·100 g−1)
P. citrinopileatus 67.67 - 4.04
P. djamor 59 - 14.53
P. ostreatus 70 - 25.94

Carbohydrates (kcal·100 g−1)
P. citrinopileatus 34.67 - 0.58
P. djamor 32.33 - 7.51
P. ostreatus 40 - 18.33

Protein (kcal·100 g−1)
P. citrinopileatus 30 - 3.46
P. djamor 24 - 5.29
P. ostreatus 24 - 5.2

Fat (kcal·100 g−1)
P. citrinopileatus 3 - 1
P. djamor 2.67 - 2.08
P. ostreatus 6 - 2.65
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The humidity observed in this study for P. citrinopileatus (82.69%), P. djamor
(84.03%), and P. ostreatus (82.29%) falls within the range reported for P. eryngii (80.7%)
(Ryu et al., 2015) [74] and P. ostreatus (88.2%) [27,76]. High humidity content is a common
characteristic of edible mushrooms, making them highly susceptible to microbial growth
and enzymatic activity, negatively impacting their shelf life and texture [76,80]. How-
ever, various preservation techniques for Pleurotus mushrooms have been reported for
commercial applications [81–83].

The carbohydrate content on a dry basis in P. citrinopileatus (49.97%), P. djamor (50.59%),
and P. ostreatus (56.18%) is comparable to values reported for Pleurotus spp., cultivated
on substrates derived from various agricultural waste sources [77,78,84]. In mushrooms,
carbohydrates, including monosaccharides and polysaccharides—serve as an energy source
and are stored primarily as glycogen rather than starch, as in plants. Additionally, carbohy-
drates contribute to the characteristic taste of mushrooms (Kalač, 2016) [80].

The values of protein content in this study for P. citrinopileatus (30.41%), P. djamor
(26.18%), and P. ostreatus (24.1%) are higher or similar to those reported by previous studies
for different Pleurotus species, in particular for P. ostreatus, P. sajor-caju, P. columbinus, and
P. sapidus, whose values ranged from 16.07% to 25.15% [79]. The values of P. ostreatus
cultivated on sawdust substrate and different organic fertilizers were between 19.27% and
33.41% [85]. Also, P. ostreatus and P. djamor reported values ranging from 17% to 35% and
from 14.02% to 19.68%, respectively, using agricultural wastes (barley stubble and maize
husk) as substrate [86]. Compared to the values obtained in this study, these are lower for
P. djamar and P. citronopileatus, while for P. ostreatus, they are within the reported range,
although below the maximum value of 35%.

Silva et al. (2020) reported crude protein values ranging from 22.4% to 27.5% in
P. ostreatus cultivated on agro-industrial residues from oil palm fruits and cocoa almonds
as a substrate [78]. Additionally, previous studies indicate that nitrogen content in the
substrate enhances protein accumulation in the fungus [77,78,87]. However, it must be
considered that nitrogen concentrations equal to 1.5% or higher inhibit fungal growth [88].
Based on the present study’s findings, Ichu is a suitable substrate for cultivating Pleurotus
species with high protein content, enhancing their nutritional value.

The fiber content observed in this study was 10.57% for P. citrinopileatus and 10.7%
for P. ostreatus, while P. djamor exhibited a higher value of 13.59%. These results exceed
those reported by Peter et al. (2019), who found fiber levels ranging from 8.2% to 9.1% in
P. ostreatus cultivated on agricultural residues such as cassava peels, banana leaves, and
sawdust [76]. However, the obtained values in our study are lower than those reported for
P. citrinopileatus (16.20–21.6%) and P. ostreatus (13.0–19.89%) grown on agro-industrial and
forest residues [89,90]. Overall, mushrooms are an important source of dietary fiber, which,
although indigestible by the human digestive system, provides numerous nutritional and
physiological benefits [83].

Edible mushrooms have low lipid content (less than 5%), primarily composed of
unsaturated fatty acids, contributing to their characteristic aroma [76,88]. In this study, the
fat content determined for P. citrinopileatus (1.85%), P. djamor (1.50%), and P. ostreatus (3.9%)
falls within this range. The obtained values for P. citrinopileatus and P. djamor are lower than
those reported by İnci et al. (2023) [84], who found levels ranging from 2.0% to 2.3% using
wheat straw and quinoa stalks as substrates. For P. ostreatus, the obtained fat content in
this study (3.9%) is consistent with previously reported values, which range from 1.64% to
4.62% [76,91]. These differences underscore the lipid content variability depending on the
fungal species and the substrate used.

The findings of this study indicate that the Ichu-based substrate is effective for cul-
tivating Pleurotus spp., with notable protein, fiber, and carbohydrate content compared
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to previous studies. The three analyzed species exhibited superior nutritional profiles,
particularly the protein content of P. citrinopileatus (43.39%) and P. djamor (37.35%), sug-
gesting that Ichu could be a viable substrate source for producing mushrooms with high
nutritional value.

3.5. Potential of Spent Mushroom Substrate as a Biofertilizer

Table 3 presents the chemical composition of the spent mushroom substrate (SMS)
obtained from cultivating three Pleurotus species—P. ostreatus, P. citrinopileatus, P. djamor,
and the Ichu substrate without mycelium. These results indicate that SMS is rich in
essential nutrients such as phosphorus, potassium, and nitrogen, supporting its poten-
tial use as a biofertilizer. These findings align with previous studies, highlighting the
agronomic value of SMS [92,93]. Specifically, the humidity content of SMS ranged from
45.80 to 51.04 g·100 g−1, indicating a high water retention capacity, which is beneficial for
soil hydration. This is consistent with the findings of Lipiec et al. (2021) [94], who demon-
strated that SMS application increases field water retention capacity (at −100 h·Pa) within
a range of 42.4% to 48.5% at depths of 0–40 cm. Nitrogen levels in SMS ranged from 0.47
to 0.59 g·100 g−1, with P. ostreatus exhibiting the highest value. However, these nitrogen
levels were lower than those found in Ichu without mycelium (4.02 g·100 g−1). The lower
nitrogen levels in Pleurotus spp. post-culture substrate (SMS) than in uninoculated ichu can
be explained by several factors related to fungal metabolism and substrate composition.
During growth, Pleurotus spp. use the nitrogen available in the substrate to synthesize
proteins and other essential compounds. This consumption reduces the amount of nitrogen
present in the residual substrate after the mushrooms are harvested [95]. The process of
decomposition of organic matter by the fungus can alter the availability of nutrients in
the substrate. Although uninoculated ichu has a higher nitrogen content initially, fungal
activity during cultivation can mobilize and consume this nitrogen, decreasing its concen-
tration in the SMS. As a lignocellulosic material, ichu has a chemical composition that can
influence nitrogen availability. The carbon-to-nitrogen (C/N) ratio of the substrate is a
determining factor in the efficiency of colonization and growth of the fungus. Substrates
with a high C/N ratio may require nitrogen supplementation to optimize fungal growth
and fruiting body production [50].

Table 3. Chemical composition associated with the biofertilization potential of residual substrates
from Pleurotus spp. cultivation.

Cultivated Fungus Humidity (g·100 g−1) Nitrogen (g·100 g−1) pH Phosphorus
(ppm)

Potassium
(ppm)

P. ostreatus 46.89 0.59 5.2 795.9 253.1
P. citrinopileatus 45.80 0.47 5.6 989.4 291.3

P. djamor 51.04 0.54 5.6 1296.9 262.6
J. ichu (sin cultivo) 5.40 4.02 5.75 0.11 7.77

Additionally, phosphorus content was significantly high in SMS, particularly in
P. djamor (1296.9 ppm), followed by P. citrinopileatus (989.4 ppm) and P. ostreatus (795.9 ppm).
These values were considerably higher than Ichu’s (0.11 ppm), underscoring SMS as a rich
source of this essential nutrient. Potassium levels in SMS ranged from 253.1 to 291.3 ppm,
with P. citrinopileatus exhibiting the highest concentration. These values were substantially
higher than those found in Ichu without mycelium (7.77 ppm). Similarly, Uzun (2004)
reported that SMS is a good source of potassium and phosphorus but is relatively low in
nitrogen [96]. However, when applied as a fertilizer, its nutrients are released gradually
over an extended period, allowing for more efficient plant uptake. Furthermore, its use
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provides additional benefits, such as improving the soil’s physical, chemical, and biological
properties. Additionally, the pH of SMS ranged from 5.2 to 5.6, indicating a slightly acidic
nature, which is optimal for nutrient availability in most agricultural soils.

The spent mushroom substrate (SMS) effect on seed germination was evaluated using
SMS derived from P. citrinopileatus, P. djamor, and P. ostreatus alongside a chemical fertilizer
control (Table 4). Germination rates were measured to assess SMS’s biofertilizer potential.
The application of spent mushroom substrate (SMS) as a biofertilizer can influence seed
germination through several mechanisms. One of the primary mechanisms is the supply of
essential nutrients: SMS enriched with nitrogen, phosphorus, and potassium can improve
the availability of these elements to developing plants, thereby promoting more efficient
germination [97]. In addition, the incorporation of SMS into soil can increase electrical
conductivity, potentially altering the osmotic balance of the medium. This change in
osmolarity may affect the seed’s ability to absorb water, thereby influencing germination
rates. Moreover, during the decomposition of SMS, bioactive compounds such as humic
and fulvic acids are released, which may stimulate physiological processes in seeds and
further enhance germination [98].

Table 4. Effect of SMS on radish germination.

Coding Treatment Dose (mL) Germination Percentage (%)

T1 Ichu with P. citrinopileatus mycelium 50 ml 90
T2 Ichu with P. djamor mycelium 50 mL 100
T3 Ichu with P. ostreatus mycelium 50 mL 80

T4 *-control Chemical fertilizer 50 mL 90
* 0.5 mL of solution A and 0.2 mL of solution B (diluted in 100 mL of water).

Treatment T1, which utilized SMS from P. citrinopileatus, achieved a germination
rate of 90%, indicating its effectiveness in promoting seed germination. Treatment T2,
incorporating SMS from P. djamor, recorded the highest germination rate (100%), likely due
to its elevated phosphorus (1296.9 ppm) and potassium (262.6 ppm) content. Treatment T3,
using SMS from P. ostreatus, resulted in an 80% germination rate, demonstrating its efficacy,
albeit to a lesser extent than the other SMS treatments. Treatment T4, the chemical fertilizer
control, also achieved a 90% germination rate, comparable to T1, suggesting that SMS from
P. citrinopileatus and P. djamor can be as effective as conventional fertilizers. These findings
align with previous studies indicating that SMS can enhance the nutrient content of the
germination substrate by supplying essential elements such as nitrogen, phosphorus, and
potassium, which are crucial for seedling development [99,100].

Previous studies have shown that residual substrate from fungal cultures can be
beneficial for different plant species. For example, research has indicated that the use of
residual substrates of Pleurotus ostreatus improved the development of tomato (Lycopersicum
esculentum) seedlings when mixed with fertilized soil, providing the nutrients necessary
for optimal growth (Fontalvo et al., 2013) [101]. In addition, it has been observed that the
incorporation of residual fungal substrates into the soil can increase nutrient availability
and improve microbial activity, potentially benefiting the growth of various plant species
(Martín et al., 2023) [102]. Its agronomic applicability needs to be evaluated more broadly,
it is essential to conduct field trials with various plant species and to analyze the long-term
effects on soil health and crop yields.

3.6. Economic Analysis of Pleurotus spp. Production

The cultivation of Pleurotus spp. using Ichu as a substrate presents a profitable alterna-
tive within edible mushroom production systems. To evaluate its economic viability on an



Sustainability 2025, 17, 6695 13 of 19

artisanal scale, a processing capacity of 150 kg of Ichu was established within a 24 m2 area,
designed for management by an artisanal producer with limited resources.

The annual production cost is estimated at USD 1746.32. With a projected yield of
490 kg of fresh mushrooms per year, the production cost is 3.56 USD kg−1. Given a selling
price of 6.58 USD·kg−1, the net profit per kilogram is USD 3.02. These values indicate a
profitability of 84.6%, demonstrating that the cultivation of Pleurotus spp. using Ichu as a
substrate is viable and competitive, even on a small scale.

In addition to mushroom production, the residual substrate can be reused as a biofertil-
izer, adding further value to the production system, which consists of four key components:
facilities, energy, transport, and labor [100]. In this study, SMS derived from Ichu demon-
strated a superior input–output ratio compared to traditional organic fertilizers and has
the potential to generate additional income by being sold as a soil conditioner, particularly
for phosphorus and potassium-rich soils [103–105].

In the future, recycling SMS as a fertilizer presents a valuable opportunity for its
application in family farming, enabling production cost reductions through improved sub-
strate management and enhanced crop yields. To maximize these benefits, optimizing the
Pleurotus cultivation production process is recommended. Commercializing the residual
substrate as a biofertilizer would also support investment recovery and enhance the sys-
tem’s sustainability. Finally, expanding the market for edible mushrooms in high-Andean
communities is suggested as a viable alternative source of plant-based protein. The use of
J. ichu as a substrate for Pleurotus spp. in artisanal systems is not only profitable but also
capitalizes on an underutilized resource, reduces environmental pollution, and provides a
sustainable alternative to grassland burning. Furthermore, the residual substrate’s potential
as a biofertilizer enhances the system’s economic and environmental viability, fostering
more efficient and sustainable agricultural production.

It is important to note that the profitability estimates may be optimistic due to the lack
of a specific and up-to-date price analysis tailored to the regional context. In this regard,
it is considered necessary to recommend conducting updated market studies to obtain
accurate data on mushroom commercialization prices in the target regions, which would
strengthen the economic projections of the present study.

3.7. Research Limitations and Perspectives for Future Exploration

Although the objective of the study was to preliminarily evaluate ichu as a substrate
for Pleurotus spp., the absence of a comparison group with other commonly used substrates
limits the possibility of establishing its relative efficiency. Future studies could include
comparisons with traditional substrates, such as agricultural residues or wood, to better
contextualize the results.

Although the properties of ichu were analyzed prior to the experiment, no post-
culture analysis was performed to determine the extent to which Pleurotus spp. degraded
the lignocellulosic components. Future research could include degradation trials at different
stages of cultivation to better understand the dynamics of ichu decomposition.

This study was conducted under controlled conditions, so its applicability in large-
scale production systems has not yet been validated. Future studies should address the
viability of ichu as a substrate in different environmental conditions and its impact on
mushroom productivity in the field.

Although the residual substrate was tested on radish germination, its long-term effects
on soil fertility and other crops were not evaluated. Further studies could explore its impact
on soil fertility and other crops.

The practical application of mushroom post-crop substrate (SMS) as a biofertilizer
presents several limitations that must be considered, such as variability in the composition
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of SMS, possible presence of pathogens or contaminants, limited availability and logistics
of application, and interactions with other agricultural inputs.

4. Conclusions
This study demonstrates the feasibility of using J. ichu, a largely underutilized Andean

resource, as a substrate for cultivating Pleurotus spp. and its subsequent application
as a biofertilizer. The research presents an innovative production model that enhances
sustainability and contributes to the valorization of Ichu in the high-Andean regions
of Peru.

J. ichu possesses a nutritional composition well-suited for cultivating Pleurotus spp.
It has high levels of crude fiber (38.90 g·100 g−1), carbohydrates (40.26 g·100 g−1), and
nitrogen (0.88%), which support mycelial development and enhance the fungus’s biological
efficiency. The study confirmed that Jarava ichu is a viable substrate for the cultivation of
Pleurotus spp., as evidenced by an average biological efficiency of 19.8%.

The results demonstrated increased phosphorus and potassium content in the residual
substrate of the mushroom cultivation compared to the proximal analysis of unprocessed
Jarava ichu, suggesting its potential as a biofertilizer. This dual-use approach maximizes
the utilization of Ichu, offering both a nutritious, protein-rich food source and a valuable
agricultural input.

The findings of this study extend beyond the specific case of Ichu, highlighting the
potential of other underutilized lignocellulosic resources in fragile ecosystems for similar
applications. This approach could be replicated in other regions to enhance sustainability,
reduce grassland burning, and mitigate environmental degradation.

This research proposes an integrated model that combines edible mushroom pro-
duction with biofertilizer generation. This model provides a sustainable solution for the
valorization of Ichu, supports agricultural development, and enhances food security in
high-Andean communities. Highlighting the notable protein content of the mushrooms
cultivated in this substrate, which ranges from 24.1% to 30.41% on a dry basis, indicating
their significant nutritional value.

Further research is needed to optimize the cultivation process and assess the long-term
impact of the residual substrate on different soil types and crops. Additionally, evaluating
the economic feasibility of the model at a community scale and its social acceptance in
high-Andean communities would provide valuable insights for its broader implementation.

These results provide unprecedented knowledge on the valorization of Jarava ichu in
agricultural biotechnology, opening new avenues for its sustainable use in high-Andean
ecosystems. Researchers, policymakers, and local communities are encouraged to consider
this production model as a sustainable strategy for valorizing underutilized natural re-
sources and addressing environmental, social, and economic challenges in the high-Andean
regions of Peru and beyond.

Author Contributions: Conceptualization, supervision, and writing—original draft preparation, R.S.;
investigation and data curation, L.D., L.B. and P.O.; formal analysis and writing—review and editing,
R.J.-A., C.Q.-A. and L.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the INIA project CUI 2487112 “Mejoramiento de los servicios
de investigación y transferencia tecnológica en el manejo y recuperación de suelos agrícolas degrada-
dos y aguas para riego en la pequeña y mediana agricultura en los departamentos de Lima, Áncash,
San Martín, Cajamarca, Lambayeque, Junín, Ayacucho, Arequipa, Puno y Ucayali”.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.



Sustainability 2025, 17, 6695 15 of 19

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Valverde, H.; Fuentealba, B.; Blas, L.; Oropeza, T. La Importancia de los Pastizales Altoandinos Peruanos. Dir. Invest. Ecosist.

Montaña—Inst. Nac. Invest. Glaciares Ecosist. Montaña (DIEM-INAIGEM). 2022. Available online: https://repositorio.inaigem.
gob.pe/server/api/core/bitstreams/8f8bf505-e241-4af0-91ae-4c9e9033ee15/content (accessed on 7 January 2025).

2. Zapana, J. Evaluación de pastizales naturales y determinación de la carga animal actual en la Comunidad Chila, Puno, Perú. Rev.
Investig. Esc. Posgr. Univ. Nac. Altiplano—Puno 2019, 8, 1286–1296. Available online: http://revistas.unap.edu.pe/epg/index.
php/investigaciones/article/view/1280/275 (accessed on 7 January 2025).

3. Álvarez Cortez, S.; Peña Murillo, R.; Román Robalino, D. Ecosystem services linked to water and plant diversity in the Igualata
Paramo of Hualcanga Region. ESPOCH Congr. Ecuad. J. S.T.E.A.M. 2021, 1, 1221–1235. [CrossRef]

4. Hofstede, R.; Segarra, P.; Mena, P. Los Páramos del Mundo. In Proyecto Atlas Mundial de los Páramos; Global Peatland Initiative/NC-
IUC/EcoCIENCIA: Quito, Ecuador, 2003. Available online: https://portals.iucn.org/library/sites/library/files/documents/20
03-081.pdf (accessed on 7 January 2025).

5. Foster, M.E.; Chen, D.; Kieser, M.S. Restauración y Conservación de Pastizales Altoandinos: Cuantificación de Mejoras Potenciales
en el Caudal Base; Forest Trends. 2020. Available online: https://www.forest-trends.org/wp-content/uploads/2020/04/
CUBHIC-Restauraci%C3%B3n-y-Conservaci%C3%B3n-de-Pastizales-Altoandinos-.pdf (accessed on 7 January 2025).

6. Limay, E.; Vásquez, M. Resistencia a Compresión del Ladrillo de Arcilla con Adición de Ichu (Stipa Ichu). Tesis de Licenciatura,
Universidad Privada del Norte, La Libertad, Perú, 2019. Available online: https://repositorio.upn.edu.pe/handle/11537/21089
(accessed on 7 January 2025).

7. Tácuna, R.E.; Aguirre, L.; Flores, E.R. Influencia de la revegetación con especies nativas y la incorporación de materia orgánica en
la recuperación de pastizales degradados. Ecol. Appl. 2015, 14, 181–191. [CrossRef]

8. Álvarez, S.; Zubieta, R.; Martínez, A.; Ccanchi, Y. Uso del fuego y el rol de la Población Durante Quemas e Incendios Forestales
en Cusco. Bol. Cient. Niño Inst. Geofis. Perú 2023, 10, 4–10. Available online: https://repositorio.igp.gob.pe/handle/20.500.12816
/5509 (accessed on 8 January 2025).

9. De La Cruz-Arango, J.; Cóndor Alarcón, R. Dinámica de regeneración natural post-incendio de ecosistemas altoandinos en el
distrito de Chiara, Ayacucho-Perú. J. Selva Andin. Biosph. 2023, 11, 1. [CrossRef]

10. Armenteras, D.; González, T.M.; Vargas, J.O.; Meza Elizalde, M.C.; Oliveras, I. Incendios en ecosistemas del norte de Suramérica:
Avances en la ecología del fuego tropical en Colombia, Ecuador y Perú. Caldasia 2020, 42, 1–16. [CrossRef]

11. Charca, S.; Noel, J.; Andia, D.; Flores, J.; Guzman, A.; Renteros, C.; Tumialan, J. Assessment of Ichu fibers as a non-expensive
thermal insulation system for the Andean regions. Energy Build. 2015, 108, 55–60. [CrossRef]

12. Sánchez-Vega, I.; Dillon, M.O. Jalcas. In Botánica Económica de los Andes Centrales; Moraes, M., Øllgaard, B., Kvist, L.P., Borchsenius,
F., Balslev, H., Eds.; Universidad Mayor de San Andrés: La Paz, Bolivia, 2006; pp. 77–90.

13. Mori, S.; Tenazoa, C.; Candiotti, S.; Flores, E.; Charca, S. Assessment of Ichu Fibers Extraction and Their Use as Reinforcement in
Composite Materials. J. Nat. Fibers 2020, 17, 700–715. [CrossRef]

14. Mori, S.; Charca, S.; Flores, E.; Savastano, H., Jr. Physical and thermal properties of novel native Andean natural fibers. J. Nat.
Fibers 2019, 18, 475–491. [CrossRef]

15. Bach, F.; Helm, C.V.; Bellettini, M.B.; Maciel, G.M.; Haminiuk, C.W.I. Edible mushrooms: A potential source of essential amino
acids, glucans and minerals. Int. J. Food Sci. Technol. 2017, 52, 2382–2392. [CrossRef]

16. Arzon, M.R. Pharmacological and nutritional importance of mushrooms. Int. J. Microbiol. 2022, 7, 1–10. [CrossRef]
17. Jayachandran, M.; Xiao, J.; Xu, B. A critical review on health-promoting benefits of edible mushrooms through gut microbiota.

Int. J. Mol. Sci. 2017, 18, 1934. [CrossRef] [PubMed]
18. Sekan, A.; Myronycheva, O.; Karsson, O.; Gryganskyi, A.; Blume, Y. Green potential of Pleurotus spp. in biotechnology. Bio-Chem.

Biophys. Mol. Biol. 2019, 7, e6664. Available online: https://peerj.com/articles/6664/ (accessed on 8 January 2025).
19. Duddigan, S.; Alexander, P.D.; Shaw, L.J.; Collins, C.D. Effects of repeated application of organic soil amendments on horticultural

soil physicochemical properties, nitrogen budget and yield. Horticulturae 2021, 7, 371. [CrossRef]
20. Herrero-Hernández, E.; Andrades, M.S.; Villalba Eguren, G.; Sánchez-Martín, M.J.; Rodríguez-Cruz, M.S.; Marín-Benito, J.M.

Organic amendment for the recovery of vineyard soils: Effects of a single application on soil properties over two years. Processes
2022, 10, 317. [CrossRef]

21. Yagüe, M.; Lobo, M. Reutilización del sustrato post-cultivo de hongos en semillero de hortícolas. ITEA-Inf. Téc. Econ. Agrar. 2021,
117, 347–359. Available online: https://www.aida-itea.org/aida-itea/files/itea/revistas/2021/117-4/ITEA%20117-4%20(347-
359).pdf (accessed on 9 January 2025).



Sustainability 2025, 17, 6695 16 of 19

22. Nakatsuka, H.; Oda, M.; Hayashi, Y.; Tamura, K. Effects of fresh spent mushroom substrate of Pleurotus ostreatus on soil
micromorphology in Brazil. Geoderma 2016, 269, 54–60. [CrossRef]

23. Lou, Z.; Sun, Y.; Zhou, X.; Baig, S.A.; Hu, B.; Xu, X. Composition variability of spent mushroom substrates during continuous
cultivation, composting process and their effects on mineral nitrogen transformation in soil. Geoderma 2017, 307, 30–37. [CrossRef]

24. Geng, Y.; Wang, Y.; Li, H.; Li, R.; Ge, S.; Wang, H.; Wang, S.; Liu, H. Optimization of Manure-Based Substrate Preparation to
Reduce Nutrients Losses and Improve Quality for Growth of Agaricus bisporus. Agriculture 2024, 14, 1833. [CrossRef]

25. Mahari, W.A.W.; Peng, W.; Nam, W.L.; Yang, H.; Lee, X.Y.; Lee, Y.K.; Liew, R.K.; Ling, N.; Mohammad, A.; Sonne, C.; et al. A
review on valorization of oyster mushroom and waste generated in the mushroom cultivation industry. J. Hazard. Mater. 2020,
400, 123156. [CrossRef]

26. Feijóo-Vivas, K.; Bermúdez-Puga, S.A.; Rebolledo, H.; Figueroa, J.M.; Zamora, P.; Naranjo-Briceño, L. Bioproductos desarrollados
a partir de micelio de hongos: Una nueva cultura material y su impacto en la transición hacia una economía sostenible. Bionatura
2021, 6, 1637–1652. [CrossRef]

27. Kousar, A.; Khan, H.A.; Farid, S.; Zhao, Q.; Zeb, I. Recent advances on environmentally sustainable valorization of spent
mushroom substrate: A review. Biofuels Bioprod. Biorefin. 2024, 18, 639–651. [CrossRef]

28. Iglesias, H.; Ortiz, A.P.; Soriano Disla, J.M.; Lara-Guillén, A.J. Environmental and Economic Life Cycle Impacts of Using Spent
Mushroom Substrate as a Soil Improver. Environments 2025, 12, 31. [CrossRef]

29. Leong, Y.K.; Ma, T.W.; Chang, J.S.; Yang, F.C. Recent advances and future directions on the valorization of spent mushroom
substrate (SMS): A review. Bioresour. Technol. 2022, 344, 126157. [CrossRef]

30. Díaz Muñoz, K.; Casanova Guajardo, M.; León Torres, C.A.; Gil Ramírez, L.A.; Bardales Vásquez, C.B.; Cabos Sánchez, J.
Producción de Pleurotus ostreatus (Pleurotaceae) ICFC 153/99 cultivado sobre diferentes residuos lignocelulósicos. Arnaldoa 2019,
26, 1177–1184. Available online: https://journal.upao.edu.pe/index.php/Arnaldoa/article/view/1413 (accessed on 9 January
2025).

31. Nieto Juárez, J.I.; Cuzcano Ruiz, A.D.; Reyes López, W. Evaluación del cultivo del hongo Pleurotus ostreatus y de su composición
nutricional en borra de café. Tecnia 2021, 31, 27–32. [CrossRef]

32. Kumar, K. Nutraceutical potential and processing aspects of oyster mushrooms (Pleurotus species). Curr. Nutr. Food Sci. 2020, 16,
3–14. [CrossRef]

33. Association of Official Analytical Chemists (AOAC). Official Methods of Analysis, 22nd ed.; AOAC: Rockville, MD, USA, 2023.
34. Collazos, C. La Composición de Alimentos de Mayor Consumo en el Perú, 6th ed.; Ministerio de Salud, Instituto Nacional de Nutrición:

Lima, Peru, 1993.
35. ANKOM Technology. Methods for determining neutral detergent fiber. In Automated Fiber Analysis. Macedon; ANKOM

Technology: Macedon, NY, USA, 2005.
36. Akcay, C.; Ceylan, F.; Arslan, R. Production of oyster mushroom (Pleurotus ostreatus) from some waste lignocellulosic materials

and FTIR characterization of structural changes. Sci. Rep. 2023, 13, 12897. [CrossRef]
37. España-Rodríguez, M.; Hernández-Domínguez, E.M.; Velázquez-De Lucio, B.S.; Villa-García, M.; Álvarez-Cervantes, J. Pro-

ductividad y análisis químico proximal de Pleurotus spp. crecidos sobre bagazo de Agave salmiana como sustrato alternativo.
Agrociencia 2021, 55, 569–581. Available online: https://agrociencia-colpos.org/index.php/agrociencia/article/view/2604/2086
(accessed on 9 January 2025). [CrossRef]

38. Kinge, T.R.; Adi, E.B.M.; Mih, A.M.; Ache, N.A.; Nji, T.M. Effect of substrate on the growth, nutritional and bioactive components
of Pleurotus ostreatus and Pleurotus florida. Afr. J. Biotechnol. 2016, 15, 1476–1486. [CrossRef]

39. Salmones, D.; Gaitán-Hernández, R.; Pérez, R.; Guzmán, G. Estudios sobre el género Pleurotus. VIII. Interacción entre crecimiento
micelial y productividad. Rev. Iberoam. Micol. 1997, 14, 173–176. [PubMed]

40. Reyes, G.R.; Abella, A.E.; Eguchi, F.; Lijima, T.; Higaki, M.; Quimio, T.H. Growing paddy straw mushroom. In Mushroom Grower’s
Handbook 1: Oyster Mushroom Cultivation; Mushroom World: Seoul, Republic of Korea, 2004; pp. 262–269.

41. NTP-ISO 1442:2006; (revisada en 2020). Carne y Productos Cárnicos. Determinación del Contenido de Humedad (Método de
Referencia). Instituto Nacional de Calidad: Lima, Peru, 2020.

42. NTP 201.022:2002; (revisada en 2015). Carne y Productos Cárnicos. Determinación del Contenido de Cenizas. Instituto Nacional
de Calidad: Lima, Peru, 2015.

43. NTP 201.016:2002; Carne y Productos Cárnicos. Determinación del Contenido de Grasa Total. Instituto Nacional de Calidad:
Lima, Peru, 2002.

44. AOCS. Official Methods and Recommended Practices of the American Oil Chemists’ Society: Crude Fiber in Oilseed By-Products, Ba 6-84,
4th ed.; AOCS: Urbana, IL, USA, 2017.

45. Association of Official Analytical Chemists (AOAC). Official Methods of Analysis, 21st ed.; AOAC International: Gaithersburg, MD,
USA, 2019.

46. AOAC 930.04; Loss on Drying (Moisture) in Plants. Official Methods of Analysis of AOAC INTERNATIONAL. AOAC INTER-
NATIONAL: Rockville, MD, USA, 2023.



Sustainability 2025, 17, 6695 17 of 19

47. AOAC 981.12; pH of Acidified Foods. Official Methods of Analysis of AOAC INTERNATIONAL. AOAC INTERNATIONAL:
Rockville, MD, USA, 2023.

48. AOAC 970.39; Phosphorus in Fruits and Fruit Products—Gravimetric Quinoline Molybdate Method. Official Methods of Analysis
of AOAC INTERNATIONAL. AOAC INTERNATIONAL: Rockville, MD, USA, 2023.

49. AOAC 975.03; Potassium in Fertilizers—Gravimetric Tetraphenylborate Method. Official Methods of Analysis of AOAC
INTERNATIONAL. AOAC INTERNATIONAL: Rockville, MD, USA, 2023.

50. Bellettini, M.B.; Fiorda, F.A.; Maieves, H.A.; Teixeira, G.L.; Ávila, S.; Hornung, P.S.; Júnior, A.M.; Ribani, R.H. Factors affecting
mushroom Pleurotus spp. Saudi J. Biol. Sci. 2019, 26, 633–646. [CrossRef] [PubMed]

51. Mamani-Linares, L.W.; Cayo-Rojas, F. Evaluación de la producción, composición botánica y contenido nutricional de pastos
nativos en dos épocas del año en altiplano. J. Selva Andin. Anim. Sci. 2021, 8, 59–72. [CrossRef]

52. Albarracín, K.; Jaramillo, L.; Albuja, M. Obtención de bioetanol anhidro a partir de paja (ichu). Rev. Politec. 2015, 36, 2. Available
online: https://www.redalyc.org/articulo.oa?id=688773648015 (accessed on 9 January 2025).

53. Rizki, M.; Tamai, Y. Effects of different nitrogen-rich substrates and their combination on the yield performance of oyster
mushroom (Pleurotus ostreatus). World J. Microbiol. Biotechnol. 2011, 27, 1695–1702. [CrossRef]

54. Baysal, E.; Peker, H.; Yalinkiliç, M.K.; Temiz, A. Cultivation of oyster mushroom on waste paper with some added supplementary
materials. Bioresour. Technol. 2003, 89, 95–97. [CrossRef]

55. Ruilova, M.; Hernández, A. Evaluación de residuos agrícolas para la producción del hongo Pleurotus ostreatus. ICIDCA
Sobre Deriv. Caña Azúcar 2014, 48, 54–59. Available online: http://www.redalyc.org/articulo.oa?id=223131337008 (accessed
on 9 January 2025).

56. Saritha, M.; Arora, A.; Lata. Biological Pretreatment of Lignocellulosic Substrates for Enhanced Delignification and Enzymatic
Digestibility. Indian J. Microbiol. 2012, 52, 122–130. [CrossRef]

57. Gómez, H.; Pabón, M.L.; Bolívar, D.M. Biomasa aérea y composición química de pastos Urochloa en diferentes edades de rebrote.
Rev. Colomb. Cienc. Pecu. 2023, 36, 30–41. Available online: https://dialnet.unirioja.es/servlet/articulo?codigo=9968331 (accessed
on 9 January 2025).

58. Puliga, F.; Leonardi, P.; Minutella, F.; Zambonelli, A.; Francioso, O. Valorization of hazelnut shells as growing substrate for edible
and medicinal mushrooms. Horticulturae 2022, 8, 214. [CrossRef]

59. Obodai, M.; Cleland-Okine, J.; Vowotor, K.A. Comparative study on the growth and yield of Pleurotus ostreatus mushroom on
different lignocellulosic by-products. J. Ind. Microbiol. Biotechnol. 2003, 30, 146–149. [CrossRef] [PubMed]

60. Sims, R.; Taylor, M.; Saddler, J.; Mabee, E. From 1st- to 2nd-Generation Biofuel Technologies: An Overview of Current Industry and
RD&D Activities; OECD/IEA: París, Francia, 2008.

61. Badu, M.; Twumasi, M.; Boadi, N. Effects of lignocellulosic in wood used as substrate on the quality and yield of mushrooms.
Food Nutr. Sci. 2011, 2, 780–784. [CrossRef]

62. Girmay, Z.; Gorems, W.; Birhanu, G.; Zewdie, S. Growth and yield performance of Pleurotus ostreatus (Jacq. Fr.) Kumm (oyster
mushroom) on different substrates. AMB Express 2016, 6, 87. [CrossRef]

63. Sadh, P.K.; Duhan, S.; Duhan, J.S. Agro-industrial wastes and their utilization using solid-state fermentation: A review. Bioresour.
Bioprocess 2018, 5, 1. [CrossRef]

64. Ríos, M.P.; Hoyos, J.L.; Mosquera, S.A. Evaluación de los parámetros productivos de la semilla de Pleurotus ostreatus propagada
en diferentes medios de cultivo. Biotecnol. Sect. Agropec. Agroind. 2010, 8, 86–94.

65. Bali, G.; Meng, X.; Deneff, J.I.; Sun, Q.; Ragauskas, A.J. The Effect of Alkaline Pretreatment Methods on Cellulose Structure and
Accessibility. ChemSusChem 2015, 8, 275–279. [CrossRef]

66. Effiong, M.E.; Umeokwochi, C.P.; Afolabi, I.S.; Chinedu, S.N. Assessing the nutritional quality of Pleurotus ostreatus (oyster
mushroom). Front. Nutr. 2024, 10, 1279208. [CrossRef]

67. Lesa, K.N.; Khandaker, M.U.; Mohammad Rashed Iqbal, F.; Sharma, R.; Islam, F.; Mitra, S.; Emran, T.B. Nutritional value,
medicinal importance, and health-promoting effects of dietary mushroom (Pleurotus ostreatus). J. Food Qual. 2022, 2022, 2454180.
[CrossRef]

68. Alves, L.D.S.; Caitano, C.E.C.; Ferrari, S.; Vieira Júnior, W.G.; Heinrichs, R.; de Almeida Moreira, B.R.; Pardo-Giménez, A.; Zied,
D.C. Application of Spent Sun Mushroom Substrate in Substitution of Synthetic Fertilizers at Maize Topdressing. Agronomy 2022,
12, 2884. [CrossRef]

69. Elkanah, F.A.; Oke, M.A.; Adebayo, E.A. Substrate composition effect on the nutritional quality of Pleurotus ostreatus (MK751847)
fruiting body. Heliyon 2022, 8, e11841. [CrossRef]
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