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Abstract

Although considered relatively sustainable, mushroom production generates significant
waste at the end of cultivation. This study investigated the reuse of Spent Mushroom
Substrate (SMS) to formulate new substrates for Pleurotus ostreatus cultivation. Sub-
strates with high (higher bran content) and low (lower bran content) nitrogen levels were
prepared and supplemented with 5%, 10%, or 20% SMS across three successive cycles
P. ostreatus crops. Cultivation performance was evaluated based on biological efficiency,
number of mushrooms, fresh weight, and number of clusters. Substrates were chemically
characterized for total nitrogen, carbon, C/N ratio, electrical conductivity, and pH. The
inclusion of SMS, along with reduced bran content, did not improve P. ostreatus yield and
led to lower productivity compared to control substrates. No consistent correlations were
observed between chemical variables and yield, although high-N substrates generally
performed better. SMS reuse, under these conditions, is not viable, but results encourage
further research.

Keywords: agricultural waste; circular economy; mushroom cultivation; oyster mushrooms

1. Introduction
Since 2000, global mushroom production has increased more than fivefold and cur-

rently remains at around 44 million tons worldwide [1]. This expansion is primarily
attributed to the global demand for healthier foods, as mushrooms are recognized for
their high nutritional value [2,3]. Additionally, mushrooms are often associated with the
treatment of various diseases, including neurodegenerative disorders [4], cancer [5], and
possess antioxidant and anti-inflammatory properties [6], among others.

Pleurotus ostreatus is one of the most widely cultivated fungi worldwide [7], using
sustainable agricultural practices, particularly the use of organic waste as a nutrient source
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in new cultivation cycles [8]. P. ostreatus stands out not only for its adaptability [9] but
also for its potential to reduce agricultural waste by using materials like sawdust, straw,
promoting the circular economy and reducing natural resource waste [10].

Alongside the industry’s growth, there has been a notable increase in waste generation,
specifically Spent Mushroom Substrate (SMS) [11]. Poor management of this by-product can
lead to environmental issues and compromise the microbiological integrity of cultivation
systems [12]. SMS is not fully degraded by the fungus, with decomposition rates ranging
from 40% to 80% [13]. It consists of lignocellulosic biomass and may contain valuable com-
pounds such as proteins, phenolic compounds, sugar polymers, among others—depending
on the region and biomass used for cultivation [11,14].

SMS technologies aim to valorize a waste product with multiple potential benefits
while mitigating environmental impacts [15–17]. Their applications—including, but not
limited to, use as compost and soil amendments, bioenergy production, animal feed,
and reuse in new mushroom cultivation cycles [18–20]—support the circular economy
by returning value to the production system and reducing reliance on natural resources.
Reusing SMS to formulate substrates for new cycles also helps lower production costs,
but this approach remains relatively new and requires further refinement, particularly for
the production of the same mushroom species [18]. The effectiveness of using SMS in the
cultivation of the same species and the same industry is strengthened by the fact that it
significantly reduces the cost of disposal and burning of oil during truck transportation.
This application becomes even more significant if the mushroom production method adopts
a substrate sterilization system, as in this study.

Therefore, the objective of this study was to evaluate the reintroduction of SMS
into substrates over three production cycles of P. ostreatus, aiming to proportionally re-
duce the number of concentrated materials (high-N bran) and to explore its effects on
cultivation performance.

2. Materials and Methods
This study was conducted at the Mushroom Research Center (CECOG), part of the

School of Agricultural and Technological Sciences (FCAT) of São Paulo State University
(UNESP), located on the Dracena campus. The research was divided into three stages. The
first stage consisted of a comparative study between two types of substrates: one with
a higher bran content (high-N) and another with a lower bran content (low-N) for the
cultivation of Pleurotus ostreatus. Additionally, the reuse of Spent Mushroom Substrate
(SMS) in the formulation of new production cycles was evaluated.

In the first experiment, two distinct substrates were used: high-N, with a higher
amount of bran and consequently higher nitrogen content, and low-N, with a reduced
bran content. In the second experiment, different SMS levels (5%, 10%, and 20%) were
incorporated into the substrates, with the proportion of bran reduced accordingly. The SMS
used in this phase was obtained from the first experiment. In the third experiment, the SMS
generated in the second stage was reused to create new substrates, where each previous
treatment led to three new SMS concentration levels. In all stages, the distinction between
high-N and low-N substrates was maintained (Figure 1).
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Figure 1. Experimental layout of treatments combining two substrates (Low-N and High-N)
with different proportions of spent mushroom substrate (SMS: 0%, 5%, 10%, and 20%) across
three consecutive trials.

2.1. First Experiment

In the first phase, two types of substrates were used for cultivation. The high-
N substrate consisted of 73% sawdust, 12% wheat bran, 8% rice bran, 3.5% corn grits,
1.5% soybean meal, and 2% limestone. The low-N substrate had a lower total bran content
(15%) and consisted of 83% sawdust, 7.2% wheat bran, 4.8% rice bran, 2.1% corn grits,
0.9% soybean meal, and 2% limestone. At the end of this stage, agronomic yield data were
collected for evaluation. The resulting SMS was shredded while still fresh and immediately
used in the next phase.

2.2. Second Experiment

The SMS produced in the previous experiment was used in the second phase, while
maintaining the distinction between high-N and low-N substrates. Each substrate received
a specific SMS concentration, and the bran content was proportionally reduced. Three
SMS concentrations were tested: 5%, 10%, and 20%, along with a control group without
SMS (0%). In the high-N substrate, which originally contained 25% bran, the bran amount
was reduced as SMS increased—for example, 5% SMS and 20% bran. The same principle
applied to the low-N substrate, which had 15% initial bran. In the 20% SMS treatment, bran
was completely removed, and 5% sawdust was also replaced.

2.3. Third Experiment

In the final phase, a new production cycle was conducted using different SMS doses,
repeating the same concentrations from the second experiment but tested in three new
proportions. For instance, the high-N substrate with 5% SMS from the previous stage was
used in new formulations containing 5%, 10%, and 20% SMS. The same procedure was
applied to all other concentrations, always maintaining the high-N and low-N distinction.

2.4. Substrate Preparation

Substrate formulations followed the previously described proportions. In all ex-
periments, the high-N substrate contained 25% bran (12% wheat bran, 8% rice bran,
3.5% corn grits, 1.5% soybean meal), and the low-N substrate had 15% bran
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(7.2% wheat bran, 4.8% rice bran, 2.1% corn grits, 0.9% soybean meal). All substrates
received 2% calcium carbonate (CaCO3) for pH adjustment. Eucalyptus sawdust was used
as the base—73% in high-N and 83% in low-N substrates, except in treatments where
sawdust was reduced due to SMS incorporation. Ingredients were thoroughly mixed, and
moisture was adjusted to 65%. The substrate was then bagged (2 kg per bag), compacted,
and autoclaved at 121 ◦C for 4 h.

2.5. Spawn Production and Inoculation

Spawn production followed the methodology proposed by [21], including the prepa-
ration of primary, secondary, tertiary matrices and the final spawn. For tertiary matrix
and spawn, the substrate was composed of 75.5% eucalyptus sawdust, 10.8% wheat bran,
7.2% rice bran, 3.15% corn grits, 1.35% soybean meal, and 2% calcium carbonate. The strain
used was P. ostreatus POS 22/03, originally from South Korea and re-isolated from growers in
Mogi das Cruzes, São Paulo, Brazil. Inoculation was performed in a controlled environment
under laminar flow, using 2% of the substrate’s weight. After inoculation, the blocks were
sealed and transferred to an incubation room at 26–28 ◦C and 80–85% relative humidity.

2.6. Mushroom Production and Harvest

After colonization, the bags were opened by removing the upper part, lightly sprayed
with water, and transferred to the production room, maintained at 20–22 ◦C and 80–85%
relative humidity. Harvesting was performed manually at the optimal stage, just before
full cap expansion. Mushrooms were counted and weighed for agronomic analysis.

2.7. Analyzed Variables

The experiments were evaluated for agronomic traits: productivity (harvested mush-
room weight × 100/initial wet substrate weight), number of mushrooms, average mush-
room weight (fresh weight/number of mushrooms), and number of clusters. Substrate and
SMS chemical properties were also analyzed: C/N ratio, electrical conductivity, and pH,
following methods described in the Official Analytical Methods Manual for Fertilizers and
Soil Amendments [22,23].

2.8. Experimental Design and Data Analysis

All experiments followed a completely randomized design with 10 replicates. The first
experiment used a simple factorial design with two substrates (high-N and low-N), totaling
20 experimental units. The second experiment employed a two-factor factorial design with
two substrates and four SMS levels, totaling 80 units. The third experiment also followed
a two-factor design with two substrates and different SMS concentrations (0%, 5%, 10%,
20%) from the previous stage, where each resulted in three new SMS concentrations (5%,
10%, 20%), totaling 260 experimental units.

After data collection, analysis of variance (ANOVA) was performed, and means were
compared using Tukey’s test at a 5% significance level. Multivariate analysis was con-
ducted to explore the relationships among the evaluated parameters. Principal Component
Analysis (PCA) was performed using R software v4.0.5 [24], with the factoextra and ggplot2
packages employed for biplot visualization. Correlated variables were represented through
network graphs, with edges indicating the strength and direction of correlations, using the
qgraph and igraph packages.
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3. Results
3.1. First Experiment

The reduction in nitrogen concentration led to a 22% decrease in yield compared to the
treatment with the highest nitrogen concentration (high-N). A similar effect was observed
on the average mushroom weight, with the high-N substrate producing mushrooms with
greater weight compared to the low-nitrogen (low-N) substrate. No statistically significant
differences were found in the total number of mushrooms or in the number of clusters
(Table 1).

Table 1. Yield of Pleurotus ostreatus cultivated in substrates with different formulations.

Substrates Yield (%) Mushrooms Number (u) Mushroom Weight (g) Number Bunches (u)

High-N 30.66 a 25.08 6.35 a 4.16
Low-N 23.9 b 24.08 5.15 b 4.33

CV (%) 12.2 22.78 21.07 28.52
Distinct letters between lines indicate statistical difference by Tukey’s test at 5% probability. The absence of letters
means there was no statistical difference.

The reduction in added bran and corn grits increased the C/N ratio by 63.17%, due
to the lower nitrogen concentration in the substrate. Additionally, a decrease in electrical
conductivity was observed. The SMS showed higher electrical conductivity compared to
the initial substrate, as well as reduced carbon and nitrogen concentrations. In the rich SMS,
the C/N ratio increased, and in the poor SMS the C/N ratio decreased. In both situations
the pH value decreases (Table 2).

Table 2. Chemical analysis of spent mushroom substrate from the first experiment, considering
high-N and low-N substrates for the production of Pleurotus ostreatus.

Substrate N (%) C (%) C/N Ratio EC mS/cm pH

High-N 0.84 48.9 58.2 1.57 5.70
Low-N 0.51 47.8 93.6 1.01 5.69

Spent Mushroom Substrate

High-N 0.69 45.7 66.6 2.09 5.19
Low-N 0.50 45.7 90.7 2.06 5.12

3.2. Second Experiment

The reduction in bran and corn grits with SMS doses had no significant effect, only in
mushroom weight with low-N content and number of branches with high-N content, as
indicated by the regression analysis. Increasing the SMS dose, the agronomic parameters
were reduced. Comparing rich and poor substrates, with the same amount of SMS, the
proportional addition and reduction in bran and corn grits resulted in yield losses, with
less productivity and number of mushrooms, while only the mushroom weight showed an
increase in the substrate with high-N (Figure 2).

The results described in Table 3 are interesting and show that the addition of SMS
reduces the nitrogen content and increases the C/N ratio. Electrical conductivity decreased
as bran and corn grits were replaced by SMS.
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Figure 2. Regression analysis for agronomic parameters of Pleurotus ostreatus, grown with different
spent mushroom substrate doses. Distinct letters within the same dose indicate statistical difference
between substrates by Tukey’s test at 5% probability. NS* indicates that there was no statistical
difference in the regression analysis.

Table 3. Chemical analysis of spent mushroom substrate of the second experiment, considering
high-N and low-N substrates for the production of Pleurotus ostreatus.

Formulations
N C

C/N Ratio
EC

% mS/cm pH

Initial substrate

High-N + 0% SMS 1.39 50.4 36.4 2.45 5.56
High-N + 5% SMS 1.240 49.810 40.182 1.925 5.500

High-N + 10% SMS 1.089 48.950 44.941 1.400 5.480
High-N + 20% SMS 0.788 48.005 60.889 1.330 5.450
Low-N + 0% SMS 1.02 51.1 50.4 1.191 6.02
Low-N + 5% SMS 0.900 50.680 56.311 0.981 5.980

Low-N + 10% SMS 0.740 49.950 67.500 0.771 5.780
Low-N + 20% SMS 0.595 48.455 83.950 0.698 5.540
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Table 3. Cont.

Formulations
N C

C/N Ratio
EC

% mS/cm pH

Spent Mushroom Substrate

SMS High-N + 0% 0.94 46.77 49.76 2.78 4.62
SMS High-N + 5% 0.97 47.31 48.77 3.13 4.52

SMS High-N + 10% 0.8 46.01 57.51 2.91 4.66
SMS High-N + 20% 0.5 46.02 92.04 2.04 4.66
SMS Low-N + 0% 0.78 48 61.54 2.84 4.42
SMS Low-N + 5% 0.64 48.5 75.78 2.16 5.19

SMS Low-N + 10% 0.43 47.45 110.35 1.56 5.69
SMS Low-N + 20% 0.26 46.01 176.96 1.342 5.7

Related to the chemical characteristics of SMS, the use of N for mushroom production
was verified, increasing the C/N ratio and electrical conductivity, on the other hand
acidifying the SMS.

3.3. Third Experiment

The third experiment was the most extensive, due to the large amount of SMS coming
from the second experiment, which totaled 4 formulations, each with 5 doses of SMS.
(Figures 3–6).

 

Figure 3. Regression analysis for the productivity (%) of Pleurotus ostreatus grown on substrate with
different sources and doses of spent mushroom substrate. Distinct letters within the same dose
indicate statistical difference between substrates by Tukey’s test at 5% probability.
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Figure 4. Regression analysis for the number of Pleurotus ostreatus mushrooms grown on substrate
with different sources and spent mushroom substrate doses. Distinct letters within the same dose
indicate statistical difference between substrates by Tukey’s test at 5% probability. NS* indicates that
there was no statistical difference in the regression analysis.

Yield had significant effect as indicated by the regression analysis. Increasing the
SMS dose the agronomic parameters were reduced. However, regression modeling of
productivity indicated that the quadratic parameter (degree 2) provided a better fit to the
data, suggesting reuse of 5, 10 and 20% of SMS coming from the second experiment tends
to reduce the difference between the high-N and low-N substrates (Figure 2). Once again,
high-N substrates presented higher mean values compared to low-N substrates.

Number of mushrooms with high-N substrates (0% SMS) had no significant effect as
indicated by the regression analysis. A reduction in the number of mushrooms was also
observed as SMS was added. Depending on the SMS origin (different dosages from the
second experiment), different patterns could be noted; however, higher means were gener-
ally observed for the high-N substrate, with frequent statistically significant differences
between high-N and low-N (Figure 3).

Weight of mushroom with low-N substrates (0, 5 and 10%) and high-N substrate (10%)
had no significant effect as indicated by the regression analysis. As for mushroom weight,
the reduction in bran and corn grits and the addition of SMS up to a 10% dosage reduced the
means, with recovery occurring at the 20% dose in the high-N substrate. When comparing
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high-N and low-N substrates, no consistent pattern emerged among treatments, with
statistically significant differences detected only in substrates composed of SMS originating
from the 20% dose (Figure 4).

Number of bunches with high-N substrates (0, 5, 10 and 20%) had no significant effect
as indicated by the regression analysis. Overall, the number of clusters decreased with SMS
addition. An exception occurred in the high-N substrate with SMS of 0% origin, where
the addition of the residue increased the number of clusters, with a statistically significant
difference between high-N and low-N at the 20% dosage. In other cases, no statistical
differences were observed between substrates (Figure 5).

Figure 5. Regression analysis for the weight of Pleurotus ostreatus mushrooms grown on substrates
with different sources and spent mushroom substrate doses. Distinct letters within the same dose
indicate statistical differences between substrates according to Tukey’s test at 5% probability. NS*
indicates that there was no statistical difference in the regression analysis.

The same chemical behavior was observed in the substrates of the third experiment,
with reductions in nitrogen, EC and pH due to SMS addition, and increase in C/N ratio
with the addition of SMS (Table 4).
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Figure 6. Regression analysis for the number of Pleurotus ostreatus bunches grown on substrate with
different sources and spent mushroom substrate doses. Distinct letters within the same dose indicate
statistical difference between substrates by Tukey’s test at 5% probability. NS* indicates that there
was no statistical difference in the regression analysis.

Table 4. Chemical analysis of substrate and spent mushroom substrate of the third experiment,
considering high-N and low-N substrates for the production of Pleurotus ostreatus.

Substrate
N C

C/N Ratio
EC

% mS/cm pH

High-N + 0% SMS 1.21 50.60 41.70 1.96 6.00
High-N + 5% SMS of 0% 1.18 49.90 42.29 1.70 6.03
High-N + 10% SMS of 0% 1.15 49.80 42.70 1.44 5.64
High-N + 20% SMS of 0% 1.09 49.90 45.78 0.93 5.34
High-N + 5% SMS of 5% 1.18 49.70 41.99 1.72 6.06
High-N + 10% SMS of 5% 1.16 49.80 43.04 1.48 5.88
High-N + 20% SMS of 5% 1.10 50.00 45.29 1.00 5.51
High-N + 5% SMS of 10% 1.18 49.90 42.47 1.71 6.05

High-N + 10% SMS of 10% 1.14 49.30 43.25 1.46 5.86
High-N + 20% SMS of 10% 1.07 49.60 46.36 0.95 5.48
High-N + 5% SMS of 20% 1.16 48.90 42.16 1.66 6.05

High-N + 10% SMS of 20% 1.11 49.50 44.59 1.37 5.86
High-N + 20% SMS of 20% 1.01 50.10 49.60 0.78 5.48

Low-N + 0% SMS 1.06 49.90 46.90 1.17 6.36
Low-N + 5% SMS of 0% 1.02 49.70 48.73 0.91 6.18

Low-N + 10% SMS of 0% 0.99 49.80 50.40 0.65 6.01
Low-N + 20% SMS of 0% 0.92 49.60 54.15 0.43 5.66
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Table 4. Cont.

Substrate
N C

C/N Ratio
EC

% mS/cm pH

Low-N + 5% SMS of 5% 1.02 50.10 49.12 0.88 6.14
Low-N + 10% SMS of 5% 0.97 49.90 51.23 0.59 5.93
Low-N + 20% SMS of 5% 0.89 49.40 55.63 0.43 5.50
Low-N + 5% SMS of 10% 1.01 48.60 48.31 0.78 6.12

Low-N + 10% SMS of 10% 0.95 48.90 51.31 0.53 5.88
Low-N + 20% SMS of 10% 0.85 49.20 58.16 0.40 5.40
Low-N + 5% SMS of 20% 1.00 49.80 49.90 0.68 6.12

Low-N + 10% SMS of 20% 0.94 49.90 53.31 0.50 5.88
Low-N + 20% SMS of 20% 0.81 50.10 61.70 0.40 5.40

To understand variable behavior across the dataset, multivariate analyses were per-
formed. Principal Component Analysis (PCA) with biplot was applied to reduce dimension-
ality and identify the main variables responsible for data variability. The biplot revealed an
interaction between the different substrates and the agronomic and chemical parameters.
The first two dimensions, PC1 and PC2, explained 32.9% and 65.09% of the total variance,
respectively. In most cases, high-N and low-N substrates formed distinct clusters, with
some exceptions for substrates showing similar behavior. Productivity and number of
mushrooms had the highest values in Cluster 2, while Cluster 1 showed higher values for
the C/N ratio (Figure 7).
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Figure 7. Principal Component Analysis (PCA) for agronomic variables: Yield, number of mushrooms
(NM), weight mushroom (WM), and number of brunches (NB); and chemical variables: C/N ratio
(CN), electrical conductivity (EC), nitrogen (N), and pH of Pleurotus ostreatus cultivated on different
substrates with varying SMS dosages and origins across different experiments. Substrates 1 and 2
correspond to high-N and low-N, respectively (first experiment). Substrates 3–6 represent high-N
substrates from the second experiment with SMS doses of 0%, 5%, 10%, and 20%, respectively, and
substrates 7–10 correspond to low-N with the same dosages. The remaining numbering refers to the
third experiment, using SMS dosages of 5%, 10%, and 20% from different origins (second experiment,
which could be 0%, 5%, 10%, or 20%). Numbers 11–23 represent high-N substrates and 24–36 low-N
substrates: 11 without SMS; 12–14 derived from 0% SMS; 15–17 from 5%; 18–20 from 10%; 21–23 from
20%; 24 without SMS; 25–27 from 0%; 28–30 from 5%; 31–33 from 10%; and 34–36 from 20%.
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For the complete dataset (all experiments), the construction of a correlation network
revealed little interaction between factors. A negative correlation was observed between
the C/N ratio and nitrogen, and a positive correlation between the number of mushrooms,
the number of branches, productivity and electrical conductivity (Figure 8).

Figure 8. Network visualization of all data (all experiments) for different substrates with various
formulations and SMS doses in Pleurotus ostreatus production. Nodes represent measured variables:
WM, mushroom weight; NM, number of mushrooms; NB, number of clusters; EC, electrical con-
ductivity; pH, substrate pH; CN, carbon-to-nitrogen ratio; N, total nitrogen. Edges indicate Pearson
correlations above 70%: green lines correspond to strong positive correlations, while red lines indicate
strong negative correlations. Line thickness is proportional to the strength of the correlation.

4. Discussion
Two initial formulations initiated the study: one with a higher N content, containing

approximately 25% bran and corn grits, and the other with a lower M content, containing
approximately 15.5% bran and corn grits. These formulations are used commercially and
serve as a reference for verifying substrate biodegradation and possible N release, which
would affect productivity in successive crops.

The components of the substrate, as well as its nutritional balance, are among the
main limiting factors for achieving high productivity [25], particularly regarding the
carbon-to-nitrogen (C/N) ratio. For example, nitrogen deficiency can redirect central
carbon catabolism due to the inactivation of enzymes such as phosphofructokinase and
NAD+/NADP+-dependent isocitrate dehydrogenase [26]. On the other hand, low C/N
ratios can promote high biomass production and the synthesis of nitrogenous cellular
materials such as proteins, glucosamines, and other compounds [23,27]. Lower C/N ratios
proved more effective in this study, mainly due to the observed yield differences between
high-N and low-N substrates.

Therefore, the limited yields when SMS were re-used may be associated with the
substrate’s inability to provide optimal nitrogen concentrations, making it ineffective for
replacing concentrated materials in substrate formulation. Substrates with a C/N ratio be-
tween 15.09 and 41.02 have shown the highest yields for Pleurotus ostreatus cultivation [25];
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however, the values observed in this study exceeded this range, with most substrates
having an average C/N ratio greater than 50:1. This also made it possible to detect a
correlation between nitrogen content and yields.

The number of mushrooms is related to factors that can influence this variable, in-
cluding the strain used [28]. It was observed that the number of basidiomas is primarily
associated with yield, as demonstrated by the reduced quantity in low-N substrates com-
pared to high-N ones; thus, the lower the production, the fewer mushrooms are produced.
Furthermore, a positive correlation was observed between electrical conductivity values
and the number of mushrooms, likely related to the presence of salts such as calcium, mag-
nesium, and sodium, as well as other nutrients that may affect the fruiting process [29,30].
The same result was found regarding the number of clusters produced.

Mushroom weight is also influenced by substrate formulation, nutrient availability,
and other factors [31,32]. In a study by [33], cultivating P. ostreatus on different substrates
showed that the higher the C/N ratio, the lower the mushroom weight. However, the
present study demonstrated the opposite: as the C/N ratio increased, mushroom weight
also increased.

The chemical characteristics of the substrate play a major role in mushroom develop-
ment and production. A pH range of 5 to 9 is considered optimal for the development of
Pleurotus spp. [34,35]. An imbalanced pH may directly affect the amount of crude protein,
carbohydrates, and ash. Furthermore, substrates outside the ideal pH range may experience
the formation of insoluble compounds that hinder nutrient absorption [36].

The pH values observed in this study ranged from 5.34 to 6.27, depending on the
substrate used. It was noted that the substrate at the end of Pleurotus cultivation (SMS) tends
to have a lower pH, with an average of 4.93, due to fungal metabolic activity, particularly
through the production of organic acids such as oxalic acid [28]. The pH of the material
may vary, as can its fiber composition (cellulose, hemicellulose, and lignin), which affects
fungal metabolic activity and the generation of byproducts that impact the substrate’s
chemical characteristics [36].

Electrical conductivity is another important chemical factor in the substrate, showing
an increase when comparing the initial substrate to the spent one (SMS). This increase
mainly results from the mineralization of salts [37–39], which can pose a challenge for
reusing SMS in plant production [40]. However, it was found that electrical conductivity did
not significantly impact SMS reuse in dosages up to 20%, as the reduction in concentrated
materials (wheat, rice, and soybean bran, and ground corn) contributed to a substantial
decrease in this parameter. This was evident in the differences between high-N and low-N
substrates, where the higher concentration of concentrated materials in high-N substrates
led to higher electrical conductivity values.

The main limiting factor for the use of substrates and residues in the cultivation
of Pleurotus spp. is directly related to cellulose/lignin and carbon/nitrogen ratios [41].
As such, no ideal parameters were identified in this study to enable the reintegration of
Pleurotus ostreatus SMS into new production cycles, considering the dosages and formu-
lations tested. However, SMS is a residue that contains various nutrients and organic
compounds in its composition [42], which may have several applications and can serve as
an alternative to replace high-value materials in the mushroom production chain [18], such
as bran. Reusing SMS is an urgent necessity to mitigate high-impact disposal methods,
such as burning, landfilling, or direct soil dumping, among others [43].

The results obtained, particularly regarding the observed yields in P. ostreatus, may
have been influenced by various production factors, intrinsically associated with the fruiting
process. However, it is recognized that the primary factor is related to nutrient availability
in the substrate, as both excessively low and high concentrations can directly affect fungal
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metabolism [28,39]. The reuse of spent mushroom substrate (SMS) for the cultivation of
the same species has proven to be a viable strategy; nevertheless, the composition of the
substrate must be carefully considered [44]. This approach holds significant relevance in
the context of global mushroom production sustainability, especially due to its potential for
waste reutilization.

In this context, this study provides a promising foundation for future research aiming
to balance the chemical composition and quantity of SMS used, enabling the development
of effective protocols for its reuse and application in new cultivation cycles of the same
species. This could represent a significant solution for global mushroom farming, helping
to reduce operational costs associated with waste disposal and minimizing the related
environmental impact.

5. Conclusions
The reuse of spent P. ostreatus substrate in the formulation of new substrates for

cultivating the same species proved ineffective at all tested dosages, resulting in reduced
yields in both (high-N and low-N) substrates. These reductions were consistent in both
high- and low-nitrogen substrates, indicating that the main limitation was the imbalance
in the carbon-to-nitrogen ratio of the initial formulations. These findings establish a
baseline for refining strategies aimed at improving the circular use of P. ostreatus SMS.
By addressing these aspects, future research may advance towards more efficient and
sustainable recycling of mushroom cultivation residues, reinforcing the role of edible fungi
within circular economy frameworks.
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