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Abstract: The feasibility of utilising spent mushroom substrates (SMSs) as a growing medium com-
ponent for Pleurotus ostreatus cultivation was investigated. P. ostreatus was cultivated on traditional
wheat straw (control) and wheat straw substrate supplemented with SMSs from Pholiota nameko
(N-SMS), Hypsizygus marmoreus (M-SMS), and Hericium erinaceus (E-SMS) in varying supplementation
rates (10%, 20%, and 30%). The yield, biological efficiency (BE), dry matter, and protein content of
P. ostreatus fruiting bodies grown on ten substrates were evaluated. Significant differences in yield,
BE, protein content, and dry matter of P. ostreatus were found among the studied substrates. The
highest yield was recorded in 20% E-SMS (254.33 g), 20% N-SMS (253.43 g), and 10% E-SMS (251.67 g).
The biological efficiency ranged from 66.48% (30% M-SMS) to 72.67% (20% E-SMS) and followed a
similar trend to yield. The highest protein content was recorded in 30% M-SMS (29.93 g-100 g dry
weight™1). The highest dry matter of P. ostreatus was noticed in 30% of M-SMS (23.74 g) and 10%
of M-SMS (23.06 g). Therefore, the spent mushroom substrates of Ph. nameko, H. marmoreus, and H.
erinaceus could be used as a potential, low-cost sustainable alternative (10-30%) and as a renewable
component of traditional growing media for P. ostreatus cultivation.

Keywords: biological efficiency; circular economy; mushrooms; protein content; spent mushroom
substrate; sustainability; yield

1. Introduction

Mushrooms have been used as food since ancient times and appreciated for their
flavour and health-promoting properties [1-3]. They have also been considered as both
functional food and a source of nutraceuticals [4-7]. Recently, besides as a nutritive and
healthy food, mushrooms have been extensively utilised as a potential component in
cosmetic industries [8,9]. In recent years, the production of mushrooms worldwide has
been steadily increasing. The button mushroom, Agaricus bisporus, is the most commercially
cultivated species in the world and covers 40% of the world’s mushroom production [10].
Lentinula and four other genera, namely Agaricus, Pleurotus, Auricularia, and Flammulina,
account for 85% of the world’s total supply of cultivated edible mushrooms [11]. It is also
estimated that the value of mushroom cultivation in the world has reached nearly USD 17
billion in 2021, and it is further expected to reach nearly USD 20.4 billion in 2026 [12].

Mushrooms are capable of degrading several lignocellulosic materials [13,14] and
can be grown on biological, agricultural, or agro-industrial wastes [15-18]. Poppe [19]
reported that there are about 200 kinds of waste in which edible mushrooms can be
produced. Although in mushroom production wastes are converted into valuable food,
at the same time, a large amount of organic residues is generated. Every kilogram of
mushrooms produced results in 5-6 kg of by-product [20,21]. This by-product is known
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as spent mushroom substrate (SMS) and is often considered as farm waste [22,23]. As the
mushroom industry is growing, the volume of SMS generated annually is also increasing.
Recently, the global mushroom production has reached nearly 11.5 million tons [24], at the
same time accumulating around 55 million tons of SMS (mushroom production multiplied
by five times).

Considering the accumulating amount of SMS, mushroom production can be regarded
as a non-sustainable agriculture activity. A review by Geissdoerfer et al. [25] defined a
circular economy as a regenerative system in which generated wastes are minimised by
closing or narrowing the loop. The possible utilisation of SMS in subsequent mushroom
production is of great importance. In a review by Zied et al. [26], the need to re-use
SMS considering environmental viability, which can create a transition towards a circular
economy, and the call for scientific information in this regard were emphasised.

Improper handling of SMS may lead to various environmental hazards [27,28]. Due to
the high nutritional value of SMS [29,30] and the environmental impact, more efficient use
is urgent for its recycling [21,31]. There are many potential agricultural, horticultural, and
industrial uses of SMS [21,23,31,32]. According to several authors [26,32-34], the effective
utilisation of SMS has great potential in a circular economy.

The best and most economically viable method for the disposal of SMS is considered
to be its re-utilisation in successive mushroom cultivation. Several studies have reported
the use of SMS for mushroom re-cultivation [26,35-41].

Pleurotus species are popular and widely cultivated mushrooms throughout the
world because of their simple, low-cost production technology and high biological ef-
ficiency [42,43]. The consumption of Pleurotus mushrooms is increasing due to their taste
and nutritional and medicinal properties [4,44-50]. Furthermore, some of Pleurotus’s prop-
erties are widely used in many biotechnological and environmental applications [51-54].

Pleurotus ostreatus (also known as oyster mushroom or black oyster) is one among
40 Pleurotus species [55]. Pleurotus spp. are cultivated in a variety of substrates and con-
ditions [42,43,50,56-58]. One of the most important aspects of Pleurotus cultivation is the
rational choice of the substrate [59]. Pleurotus can be produced on a large variety of plant
residues and agro-industrial by-products [13,60,61]. Growers typically select the most
effective, economical, and locally available substrate materials for production [62-65]. The
adaptation of Pleurotus to new wastes can provide a method of converting lignocellulosic
materials into edible products with high nutritional value [50,56,66,67]. According to Ade-
bayo and Martinez-Carrera [68], Grimm et al. [69], and Mahari et al. [70], SMS generated
as a by-product of Pleurotus cultivation can be used in agriculture and energy conversion.

Suitable and efficient production of Pleurotus spp. is related to a number of factors,
which may act individually or have interactive effects among them [42,43,71]. In many
studies, remarkable variations have been observed in the nutritional contents of P. ostreatus
grown on different substrates [72-75]. Generally, wheat straw is used as the main substrate
for P. ostreatus commercial cultivation [13]; however, there is a growing interest in highly
available low-cost alternative materials [76-79]. According to Ashrafi et al. [39], Jo et al. [80],
Pardo-Giménez et al. [81], Wang et al. [82], Picornell et al. [83], Picornell-Buendia et al. [84],
and Economou et al. [85], spent mushroom substrate can be an effective component of
traditional growing media for the cultivation of oyster mushrooms.

The cultivation of P. ostreatus on straw-based substrates has been extensively stud-
ied [50,86], while scientific reports on utilising non-traditional substrate substitutes, for
instance, sawdust [60], and/or the re-utilisation of SMS as a substrate substitute for
P. ostreatus cultivation still remain in their infancy. Hence, knowledge on the possible
utilisation of SMSs from different medicinal and industrial mushroom species in the cul-
tivation of commercial P. ostreatus will be of great significance. With this background
information, the present investigation was aimed to determine the feasibility of utilising
the spent substrates of Pholiota nameko, Hypsizygus marmoreus, and Hericium erinaceus as
components of growing media for the cultivation of P. ostreatus. The yield, biological
efficiency, dry matter, and protein content of P. ostreatus fruiting bodies cultivated on
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SMS substituted traditional growing media and traditional wheat straw-based substrates
were evaluated.

2. Materials and Methods
2.1. Fungal Strain

Pleurotus ostreatus mycelium was obtained from the fungal culture collection of the
Department of Vegetable Crops, the Poznan University of Life Sciences (Poland). The
mycelium was maintained on a malt extract agar medium (MEA) at 25 °C.

2.2. Substrate Preparation

The traditional straw-based substrate for P. ostreatus cultivation was prepared from
wheat straw cut in an agricultural crusher (fraction 0.5-2.0 cm), constituting 96% straw, 3%
wheat bran, and 1% gypsum (w/w, in terms of dry weight), which was considered as the
control substrate in the study.

The substrate combinations tested in this study were prepared from the wheat straw-
based substrate and spent mushroom substrates (SMSs) after the cultivation of Pholiota
nameko (N-SMS), Hypsizygus marmoreus (M-SMS), and Hericium erinaceus (E-SMS). These
three mushroom species were previously cultivated on a mixture of oak and beech sawdust
(1:1 vol.) supplemented with 20% wheat bran, 5% corn flour, and 1% gypsum (w/w, in
terms of dry weight).

The wheat straw-based substrate and spent mushroom substrates were mixed in
varying rates (10%, 20%, and 30%) to obtain nine substrate combinations (based on SMS)
and were compared to 100% wheat straw-based substrate. In the present investigation, ten
substrates were evaluated for P. ostreatus cultivation (w/w, in terms of dry weight). The
substrates tested in this study are given in Table 1.

Table 1. Substrates used in the study for the cultivation of P. ostreatus.

Substrate Composition

Substrates (SMS:Wheat Straw-Based Substrate)
Wheat straw-based substrate (control) 0:100
Pholiota nameko ;828
(N-5MS) 30:70
Hypsizygus marmoreus ;828
S 30;70
Hericium erinaceus ;828
(ESVS) 30;70

All prepared substrates (w/w, in terms of dry weight) were dampened with tap water
to a moisture content of 65%. The substrates were filled into polyethylene bags (17 x 33 cm)
with a packing density of 1000 g per bag.

2.3. Spawn Preparation, Inoculation, and Incubation

The spawn preparation and/or multiplication was carried out according to the
methodology described by Stamets [87]. The filled bags were pasteurised at 60 °C for
72 h. As soon as the substrate temperature reached room temperature, the substrates were
inoculated with P. ostreatus spawn (mycelium on wheat grain) in the amount of 3% of
substrate wet weight as described by Mleczek et al. [88]. The inoculated bags were later
incubated at 25 °C and 85-90% air relative humidity (RH) under dark conditions until the
substrates were completely covered with mycelium. Once the substrates were covered
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with mycelium, the bags were transferred to the cultivation room. In each bag, perforation
(4 holes with a diameter of 1 cm) was made for fruiting bodies.

2.4. Cropping, Harvest, Determination of Biological Efficiency and Protein Content

Three bags were maintained in individual substrates facilitating three replicates. All
bags were placed in a cultivation chamber, and the relative air humidity was maintained at
80-85% and temperature at 17 &= 1 °C. The cultivation was additionally lit with fluorescent
light of 500 Ix intensity for 10 h a day and aerated in such a way as to maintain CO,
concentration below 1000 ppm. Fruiting bodies were harvested successively as they
matured, i.e., when the mushroom cap surfaces were flat to slightly up-rolled at the cap
margins. Two flushes of P. ostreatus fruiting bodies were collected. The total duration of
P. ostreatus was approximately six weeks (from incubation to the final harvest).

The fresh weight (i.e., yield g/bag) and dry weight of P. ostreatus fruiting bodies
(g-100 g fresh mushroom weight~!) were measured. At the end of the experiment, the
recorded data were used to calculate biological efficiency (BE). Biological efficiency was
calculated based on the formula suggested by Yang et al. [89]: BE (%) = weight of fresh
mushrooms harvested per bag/weight of dry substrate per bag x 100.

The harvested fruiting bodies of P. ostreatus were initially dried at 40 °C for 24 h and
later dried at 80 °C to obtain constant dry weight. The protein content in fruiting bodies
was determined by the Kjeldahl thermal conductivity method. The conversion factor 4.38
was used to calculate the crude protein content [90].

2.5. Statistical Analyses

The experiment was carried out with ten substrates (treatments) in three replicates as a
one-factor design, where different SMSs and their supplementation rates were studied. The
data obtained from the experiment were subjected to a one-way ANOVA. The differences
in means between substrates were later assessed using Duncan’s multiple range tests
(DMRT) at a 95% confidence level (p < 0.05). The statistical analyses were conducted
using STATISTICA 10.0 software for windows by TIBCO Software Inc. (StatSoft Inc., Tulsa,
OK, USA).

3. Results
3.1. Yield

The yield of P. ostreatus was significantly influenced by the studied substrates (Figure 1).
In the present investigation, the highest yield of P. ostreatus fruiting bodies was recorded in
20% E-SMS, 20% N-SMS, and 10% E-SMS (254.33 g, 253.43 g, and 251.67 g, respectively).
There were no significant differences concerning yield performances among traditional
wheat straw-based substrate (control), 10% N-SMS, 20% M-SMS, and 30% E-SMS, while
the lowest yield of P. ostreatus was noticed in substrates with 30% M-SMS (232.70 g) and
30% N-SMS (232.93 g). Based on the yield performances among the studied substrates, it
can be inferred that the higher supplementation rates (30%) of N-SMS and M-SMS resulted
in lower yields.
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Figure 1. The yield of P. ostreatus fruiting bodies in different substrates (mean =+ SD, n = 3). Different
letters above the bars indicate significant differences at p < 0.05.

3.2. Biological Efficiency

The biological efficiency (BE) of P. ostreatus fruiting bodies significantly differed among
the studied substrates (Figure 2). The BE among the studied substrates ranged from 66.48%
(30% M-SMS) to 72.67% (20% E-SMS) and followed a similar trend as yield. The highest
BE was noticed in 20% E-SMS, 20% N-SMS, and 10% E-SMS (72.67%, 72.41%, and 71.9%,
respectively), while the lowest BE was recorded in 30% M-SMS and 30% N-SMS (66.48%

and 66.55%).
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Figure 2. Biological efficiency of P. ostreatus fruiting bodies in different substrates (mean £ SD, n = 3).
Different letters above the bars indicate significant differences at p < 0.05.

3.3. Protein Content

In the present study, the protein content of P. ostreatus fruiting bodies significantly
varied among the studied substrates (Figure 3). The highest amount of protein in fruit-
ing bodjies of P. ostreatus was recorded in the substrate supplemented with 30% M-SMS
(29.93 g-dry weight1). This highest amount of protein was followed by 10% M-SMS
(29.53 g-100 g dry weight ') and 30% E-SMS (29.43 g-dry weight~!), which were observed
to be similar. However, the lowest amount of protein content was observed in other sub-
strates except for 30% N-SMS. The results of protein content suggest that the P. ostreatus
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cultivated on substrates supplemented with 30% N-SMS, M-SMS, and E-SMS as well as
10% M-SMS achieved a higher protein content than that of P. ostreatus fruiting bodies grown
on 100% traditional wheat straw-based substrate (control).

11111

Control 10% SMS 20% SMS 30% SMS
EN-SMS = M-SMS ®mE-SMS
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Figure 3. The protein content of P. ostreatus fruiting bodies in different substrates (mean + SD, n = 3).
Different letters above the bars indicate significant differences at p < 0.05.

3.4. Dry Matter

The dry matter of P. ostreatus fruiting bodies significantly varied among the studied
substrates (Figure 4). The highest dry matter of P. ostreatus was observed in mushrooms
grown on substrates supplemented with 30% M-SMS (23.74 g) and 10% M-SMS (23.06 g).
There were no significant differences among 100% wheat straw-based substrate (control)
and all studied supplementation rates of E-SMS and 10% N-SMS, in which the lowest
P. ostreatus dry weight was observed.
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Figure 4. Dry matter content of P. ostreatus in different substrates (mean & SD, n = 3). Different letters
above the bars indicate significant differences at p < 0.05.

Overall, the supplementation (10-30%) of N-SMS, M-SMS, and E-SMS to traditional
wheat straw-based substrate resulted in achieving superior and/or equal yield, BE, protein
content, and dry matter of P. ostreatus fruiting bodies when compared to 100% wheat
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straw-based substrate. The yield and BE of P. ostreatus were observed to be superior in 20%
N-SMS, 10% E-SMS, and 20% E-SMS supplementation, while the highest protein content of
P. ostreatus fruiting bodies was recorded in 30% M-SMS and superior dry matter was also
noticed in 30% and 10% M-SMS supplemented substrates. In this context, the substrates
that resulted in higher yields and BE had a lower protein content as well as dry matter.

4. Discussion

Pleurotus ostreatus can be produced on a variety of lignocellulosic substrates [42].
The rational choice of the substrate is one of the most important aspects in mushroom
cultivation [59]. Recently, there is a growing interest in utilising easily available low-cost
alternative materials for P. ostreatus cultivation [76-79]. Spent mushroom substrate can
be a good component for P. ostreatus cultivation [80-85]. However, scientific evidence
supporting the utilisation of spent substrates especially from other mushroom species in
P. ostreatus cultivation is still in its infancy.

The main objective of the presented study was to determine the feasibility of utilising
the spent substrates of three mushroom species, Pholiota nameko, Hypsizygus marmoreus,
and Hericium erinaceus, as components of growing media for the cultivation of P. ostreatus.
In the study, wheat straw-based substrate (control) and three spent mushroom substrates
in three different supplementation rates (10%, 20%, and 30%) were used, in which the
yield, biological efficiency, dry matter, and protein content of P. ostreatus fruiting bodies
were evaluated. It has been reported that, in mushroom production, many factors might
influence the yield and performance, such as substrate composition, moisture, and den-
sity, as well as temperature, relative humidity, and light intensity [71]. In this work, to
eliminate the influence of such factors, substrate moisture, packing density, and growing
conditions including temperature, relative humidity, lighting, and CO, concentrations
were maintained at the same level in all substrate combinations.

Significant differences in the yield of P. ostreatus among studied substrates were found
in the present investigation. The yield was increased in the substrates supplemented with
H. erinaceus (10% and 20%) and Ph. nameko (20%) spent substrates when compared to the
control substrate and decreased as the supplementation rates of added SMS (N-SMS, M-
SMS, and E-SMS) were higher (30%). The obtained results are in line with Wang et al. [82],
who reported that 12-25% of added H. marmoreus spent substrate resulted in a better yield
of P. ostreatus and the yield decreased when SMS supplementation was further continued.
Siqueira et al. [91] evaluated the reuse of P. ostreatus spent substrate in P. ostreatus cultivation
and noticed the best results on the substrate supplemented with lower supplementation
rates, i.e., with 26% of SMS, while higher supplementation (45 and 64%) decreased the
yield. Ashrafi et al. [39] also reported the highest yield for P. ostreatus in the substrate
supplemented with a low concentration (20%) of P. ostreatus spent substrate.

The higher yield of P. ostreatus in the present study when compared to the control
substrate was likely influenced by SMS supplementation, where N-SMS and E-SMS mixed
with 80% of wheat straw-based substrate resulted in a higher yield than that of 100%
wheat straw-based substrate. This superiority in the yield of P. ostreatus fruiting bodies
was probably influenced by added SMS and previously cultivated mushroom species
(Ph. nameko and H. erinaceus), which were used for P. ostreatus cultivation. As reported
by Catal and Peksen [30], the composition of SMS, among others, mainly depends on
the mushroom species produced and/or cultivated. According to Wang et al. [82], SMS
contains easily available organic nitrogen, which can benefit mushroom growth. In the
studies by Jo et al. [80], nitrogen content in the substrates supplemented with spent oyster
mushroom substrate positively influenced the yield of P. ostreatus. Ritota and Manzi [43]
and Jafarpour and Eghbalsaeed [92] also reported that a substrate supplemented with
protein-rich materials can positively influence the mushroom yield.

The biological efficiency (BE) in the presented study ranged from 66.48% with 30%
M-SMS to 72.67% with 20% E-SMS and followed a similar trend as yield. Among ten
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substrates concerning BE, the substrate with 20% E-SMS, 20% N-SMS, and 10% E-SMS
showed the highest BE of 72.67%, 72.41%, and 71.90%, respectively.

The obtained BE values in the present study were found to be higher than those
of Wang et al. [82], who recorded BE between 35.87% and 61.26% when P. ostreatus was
cultivated on the various supplementations of the spent substrate from H. marmoreus,
and Pardo-Giménez et al. [81] recorded BE from 28.7% to 48.9% for P. ostreatus grown
on spent oyster mushroom substrate. However, Ashrafi et al. [39] reported a higher BE
value (78.4-107.5%) for P. ostreatus grown on spent oyster mushroom substrate alone
and in combination with sawdust and wheat bran. The highest BE value for P. ostreatus
(185.38%) recorded in the literature among various lignocellulosic substrates was noticed
by Economou et al. [85] on the SMS of P. ostreatus.

Picornell et al. [83] and Picornell Buendia et al. [84] reported the wide range of BE
(2.77-62.48% and 0.2-65.5%, respectively) for P. ostreatus grown on substrates supplemented
with different doses of P. ostreatus spent substrate. Siqueira et al. [91] studied the reuse
of P. ostreatus spent substrate in varying supplementations and also noticed a wide range
of BE from 3.85% to 42.86%, while in our study, a wider range of BE among the studied
substrates was not noticed and the BE ranged from 66.48% to 72.67%.

In the studies of Ashrafi et al. [39], Pardo-Giménez et al. [81], Wang et al. [82], and
Picornell Buendia et al. [84], the yield and BE on substrates with SMS supplementation
were directly proportional to each other. Similar results were obtained in the present study.
Based on the experimental results concerning yield and BE values, it can be inferred that
the yield and BE followed a similar trend, where higher yield resulted in a higher BE
value. SMS supplementation, especially 10% and 20% E-SMS and 20% N-SMS, resulted in
superior yield and BE values.

The protein content of P. ostreatus fruiting bodies in the study was between
25.77 g-100 g dry weight™! and 29.93 g-100 g dry weight~!. The content was found
to be improved by substrate supplementation with SMS. As reported by Raman et al. [50],
the protein content in P. ostreatus may depend on many factors. The significant influence
of the kind of cultivation substrate on the protein content in P. ostreatus fruiting bodies
was noticed by many researchers [72,74,93,94]. Hoa et al. [58] reported that the differences
in the protein content of P. ostreatus fruiting bodies could be due to the varying nitrogen
content of substrates. In the present study, the protein content was significantly influenced
by the substrate composition and the best results were obtained for H. marmoreus spent
substrate. The protein content of P. ostreatus was slightly similar to the range of Wang
et al. [82], who reported protein content from 29.20 g to 34.39 g on substrate supplemented
with H. marmoreus spent substrate, and Economou et al. [85] recorded 22.24 g on SMS of
P. ostreatus. The content of protein obtained in this study was found to be higher than that
of Pardo-Giménez et al. [81] and Siqueira et al. [91] on the spent oyster mushroom substrate
(16.23 g-21.06 g and 17.02 g-19.08 g, respectively). As reported by Ritota and Manzi [43],
the substrates with the highest yield also gave the highest protein content. In the present
study, this tendency was not observed, where the substrates that had lower yield (30%
N-SMS and M-SMS) than that of the control (100% wheat straw-based substrate) resulted
in a higher amount of protein. Based on the obtained results, it can be inferred that the
increase in protein content did not often result in a higher yield. A similar relationship
between protein content and yield was reported by Gupta et al. [44].

The dry matter of P. ostreatus fruiting bodies in the present study was recorded
between 20.08 g-100 g fresh mushroom weight~! and 23.74 g-100 g fresh mushroom
weight 1. The highest dry matter was noticed for the substrates supplemented with 10%
and 30% of H. marmoreus spent substrate. The higher dry matter of P. ostreatus fruiting
bodies also resulted in a higher amount of protein, which is in line with findings of
Pardo-Giménez et al. [81], who reported that the higher dry matter of P. ostreatus fruiting
bodies had superior protein content. However, in the present study, the substrates in which
a higher dry matter of P. ostreatus was recorded (30% N-SMS and 30% M-SMS) had lower
yields than that of the control substrate (wheat straw-based substrate). Similar findings
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were reported by Pardo-Giménez et al. [81], where the wheat straw-based substrate with
the lowest dry matter had a higher yield of P. ostreatus fruiting bodies.

In the present investigation, the differences among yield, BE, protein content, and dry
matter of P. ostreatus fruiting bodies among studied substrates were possibly influenced
by the previously cultivated mushroom species [30]. In other words, SMSs obtained from
different mushroom species (Ph. nameko, H. marmoreus, and H. erinaceus) greatly influenced
the performances of P. ostreatus fruiting bodies. Overall, the outcomes of the present
investigation demonstrated the suitability and potential utilisation of a designated agro-
waste from mushroom enterprises (SMS) in successive P. ostreatus production. Such effective
and immediate re-utilisation of SMS in successive mushroom production can achieve
environmental sustainability [21], create a transition towards a circular economy [26], and
can help to make mushroom production a zero-waste enterprise [95].

5. Conclusions

The spent substrates of three mushroom species, Ph. nameko, H. marmoreus, and
H. erinaceus, could be used as a low-cost alternative and as renewable components of
traditional growing media for the cultivation of P. ostreatus. In particular, considering
the results of the present study, 10-30% of SMS supplementation has been found to be
optimal. The utilisation of SMS could provide an economically acceptable, efficient, and
sustainable production alternative, at the same time generating additional income for
mushroom growers. Such effective and immediate utilisation of accumulating agro-waste
from mushroom enterprises (SMS) can create a transition towards a circular economy.
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