
Citation: De Mastro, F.; Traversa, A.;

Matarrese, F.; Cocozza, C.; Brunetti,

G. Influence of Growing Substrate

Preparation on the Biological

Efficiency of Pleurotus ostreatus.

Horticulturae 2023, 9, 439. https://

doi.org/10.3390/horticulturae9040439

Academic Editor: Chenyang Huang

Received: 27 January 2023

Revised: 24 March 2023

Accepted: 25 March 2023

Published: 28 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

horticulturae

Article

Influence of Growing Substrate Preparation on the Biological
Efficiency of Pleurotus ostreatus
Francesco De Mastro 1 , Andreina Traversa 1,*, Francesco Matarrese 2, Claudio Cocozza 1 and Gennaro Brunetti 1

1 Department of Soil, Plant, and Food Sciences, University of Bari “Aldo Moro”, Via Amendola 165/A,
70126 Bari, Italy

2 Dipartimento Agricoltura, Sviluppo Rurale e Ambientale, Apulia Region, Lungomare Nazario Sauro 45,
70121 Bari, Italy

* Correspondence: andreina.traversa@uniba.it

Abstract: Pleurotus ostreatus is one of the most cultivated mushrooms worldwide. It is a lignocellu-
lolytic fungus cultivated on different substrates, whose more common raw material is straw. The
present study investigated the biological efficiency of Pleurotus ostreatus as affected by the different
age of straw and the growing media preparation process in four production cycles. The content of
organic carbon significantly decreased during the growing media preparation, while the content of
total nitrogen, moisture, and ash, as well asthe pH value, showed an opposite trend. The first produc-
tion cycle was characterized by the highest total and soluble sugar content. A dramatic reduction in
soluble sugars was recorded at the end of the preparation of the growing media, regardless of the pro-
duction cycle, while the total sugars were slightly reduced during the production cycle. The microbial
population was significantly influenced by the growing media preparation, while only bacteria were
slightly influenced by the straw’s age. In contrast, cellulase activity significantly increased in the old
straw, while an opposite trend was observed for pectinase activity. The β-glucosidase activity was
influenced only by the growing media preparation. As expected, cluster analysis showed that the
microbial community changed in each phase of growing media preparation. Finally, the biological
efficiency of Pleurotus ostreatus decreased from 26.28% to 15.49% with increasing age of the straw,
which may presumably be ascribed to the higher content of sugars in fresh straw compared to the
older ones. Therefore, fresh straw should be used to prepare the growing media of Pleurotus ostreatus
in order to increase its biological efficiency.

Keywords: wheat straw; mushroom; microbial community; soluble sugars; enzyme activity; PCR;
cluster analysis

1. Introduction

Mushrooms belonging to the genus Pleurotus are the second most cultivated world-
wide after Agaricus bisporus, due to their ability to adapt to a variety of substrates from
different origins [1]. Furthermore, they require simpler substrates and are less sensitive to
pathogens than other mushrooms [2]. Pleurotus ostreatus is considered a source of valuable
proteins and can represent an important food in developing countries suffering protein
shortages [3].

The application of best practices during the cultivation of mushrooms is essential
for obtaining adequate quality and yield. Incorrect techniques can lead to negative con-
sequences, such as: (i) diseases caused by molds that compete for the colonization of the
substrate, inhibiting the growth of carpophores; (ii) bacterial infections, which cause a
slowdown in development, a deformation of the carpophore, and a significant decrease
in production; (iii) growth of animal parasites, which rapidly destroy the substrate by
both trophic action and toxic action due to their byproducts; (iv) development of adverse
conditions, which may affect the morphology of carpophores and productivity. As Pleu-
rotus spp. mushrooms produce ligninolytic enzymes [4], they can be cultivated on many
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agricultural byproducts [5]. Although the main raw material used as the Pleurotus spp.
growing substrate is wheat straw [1,6], several other low-value agricultural byproducts,
including coffee husks, eucalyptus wood, corn cobs, banana stalks, rice straw, cotton waste,
peanut shells, and spent mushroom substrate have been successfully tested to produce
high-quality Pleurotus spp. [5,7–10]. However, the need to investigate the potentially toxic
elements (heavy metals) present in these mushrooms has been raised recently to avoid any
deleterious effect on human health [11].

Substrates cannot be inoculated directly with the fungi but require a previous pasteur-
ization/sterilization. For example, Yang et al. [12] suggested high-pressure sterilization
(121–123 ◦C for 2–3 h) or atmospheric pressure sterilization (95–100 ◦C for 8–12 h) as a pre-
treatment for mushroom growing media, even if these treatments require a large quantity
of energy. However, a more sustainable procedure to achieve pasteurization of substrates
consists of their short-term prior composting (about 7–10 days), taking advantage of the
natural thermophilic phase of this process [13,14]. A reduced composting time can limit
the decomposition of organic matter, which thus remains available for microorganisms,
improving the yield of mushrooms [12].

Furthermore, the agricultural practices followed during the wheat production cycle,
the wheat variety, the method of harvesting, the moisture content, the storage conditions,
and the age of the stored straw have also been shown to directly affect the quality of the
wheat straw employed as substrate and, in turn, the production of the mushroom [15,16].

The aim of the present work was to monitor the biological efficiency (BE) of Pleurotus
ostreatus as affected by two factors, i.e., the age of the straw substrate using gradually
older straw and the procedure used in preparing the growing substrates during four
production cycles.

2. Materials and Methods
2.1. Substrate Preparation and Experimental Design

The experiment was carried out at Fungo Puglia S.r.l., Rutigliano (Ba), Italy, a company
that produces different types of edible mushrooms including Pleurotus ostreatus. Wheat
straw (Triticum aestivum L.), stored in bales placed under appropriate canopies after wheat
harvest (July 2019), was wetted, chopped into 1–6 cm pieces, and supplemented with a
protein-rich soybean flour, which is a common practice in composting nitrogen-deficient
biomasses aiming at the cultivation of mushrooms [17]. The mixture was kept in heaps
(approximately 4 m by 2 m in cross-section) and subjected to a 5-day composting process, as
suggested in [12] (Figure 1a). Then, the partially composted substrate was placed in tunnels
and heated to 65 ◦C with steam for its complete pasteurization (Figure 1b). After cooling,
the substrate was inoculated with Pleurotus ostreatus HK35 obtained from Sylvan Hungary
Ltd. (Dunaharaszti, Hungary) (Figure 1c), pressed, divided into bales of about 20 kg
each, and, finally, wrapped into plastic perforated foils (Figure 1d). Then, the bales were
transported to the incubation rooms where temperature and humidity were maintained at
the range 25 ± 1.0 ◦C and 80%, respectively, according to Melanouri et al. [1]. When the
bales were completely colonized, they were transferred to another room and maintained
at a temperature of about 17.5 ± 1.0 ◦C and 90% humidity, with cycles of 12 h of light,
according to Economou et al. [8]. The substrate preparation steps are summarized in
Table 1, whereas Table 2 shows the starting time of the four production cycles investigated.
Samples of raw straw and growing media to be analyzed were collected randomly from
the corresponding bales.
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teurization; (c) substrate inoculation; (d) bale preparation; (e) Pleurotus ostreatus fruitbody. 

Table 1. Sample preparation steps during substrate preparation. 

Sample Preparation Steps Material Sampled 
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B Wet straw, chopped and augmented with soy flour 

C Substrate at the end of 5 days of composting 

D Substrate after steam pasteurization 

Table 2. Production cycles studied. 

Mushroom Production Cycles Starting Time Straw Age 

Cycle 1 July 2019 Fresh 

Cycle 2 October 2019 3 months after harvest 

Cycle 3 January 2020 6 months after harvest 

Cycle 4 April 2020 9 months after harvest 

2.2. Chemical Analyses 

Before analyses, samples were air-dried and ground to 0.5 mm. Moisture, expressed 

as percentage of the initial weight, was determined by drying samples at 105 °C overnight 

[18], whereas ashes were measured after their overnight incineration at 550 °C in a muffle. 

The pH was measured on sample/water extracts (1:20 w/v); the total nitrogen (TN) content 

was determined by the Kjeldahl method; and the organic carbon (OC) content was deter-

mined by the Springer–Klee method [19]. 

Total sugars were measured on samples subjected to total acid hydrolysis according 

to Englyst et al. [20] and Englyst and Cummings [21]. Briefly, each sample was incubated 

for 3 h at 35 °C in H2SO4 12 M (cellulose solubilization phase). The suspension was then 

diluted to a concentration of H2SO4 1 M and incubated for 4 h at 100 °C (acid hydrolysis). 

After centrifugation at 7000 g for 20 min, the supernatant was filtered through 0.20 µm 

filters and analyzed by ion exchange–high pressure liquid chromatography (IE-HPLC). 

The IE-HPLC apparatus was a Dionex DX 500 ion chromatograph equipped with a GP 40 
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Figure 1. Substrate preparation for mushroom growth: (a) short composting process; (b) steam
pasteurization; (c) substrate inoculation; (d) bale preparation; (e) Pleurotus ostreatus fruitbody.

Table 1. Sample preparation steps during substrate preparation.

Sample Preparation Steps Material Sampled

A Raw straw

B Wet straw, chopped and augmented with soy flour

C Substrate at the end of 5 days of composting

D Substrate after steam pasteurization

Table 2. Production cycles studied.

Mushroom Production Cycles Starting Time Straw Age

Cycle 1 July 2019 Fresh

Cycle 2 October 2019 3 months after harvest

Cycle 3 January 2020 6 months after harvest

Cycle 4 April 2020 9 months after harvest

2.2. Chemical Analyses

Before analyses, samples were air-dried and ground to 0.5 mm. Moisture, expressed as
percentage of the initial weight, was determined by drying samples at 105 ◦C overnight [18],
whereas ashes were measured after their overnight incineration at 550 ◦C in a muffle. The
pH was measured on sample/water extracts (1:20 w/v); the total nitrogen (TN) content was
determined by the Kjeldahl method; and the organic carbon (OC) content was determined
by the Springer–Klee method [19].

Total sugars were measured on samples subjected to total acid hydrolysis according
to Englyst et al. [20] and Englyst and Cummings [21]. Briefly, each sample was incubated
for 3 h at 35 ◦C in H2SO4 12 M (cellulose solubilization phase). The suspension was then
diluted to a concentration of H2SO4 1 M and incubated for 4 h at 100 ◦C (acid hydrolysis).
After centrifugation at 7000× g for 20 min, the supernatant was filtered through 0.20 µm
filters and analyzed by ion exchange–high pressure liquid chromatography (IE-HPLC).
The IE-HPLC apparatus was a Dionex DX 500 ion chromatograph equipped with a GP
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40 pump, an ED 40 electrochemical detector used in amperometry integrated with the gold
working electrode and the pH-Ag/AgCl reference electrode, a 25 µL fixed loop LC5 injector,
a M10 Carbopack column, and an 18 mM NaOH mobile phase. The sugars were eluted at
the flow rate of 1 mL min−1, using an aqueous solution of NaOH and CH3COONa as the
mobile phase. The chromatographic run consisted of: (i) an initial phase of 10 min with
8.8 mM NaOH; (ii) the injection of the sample; (iii) an isocratic elution with 8.8 mM NaOH
for 30 min; (iv) a first step of 10 min with 50 mM NaOH; (v) a second step of 10 min with
50 mM NaOH and 100 mM CH3COONa; and (vi) an isocratic elution with 8.8 mM NaOH
for 30 min.

The determination of soluble sugars was performed by treating 0.2 g of 1-mm-size
sample with 80% ethanol in a water bath for 7 min at 80 ◦C. Then, the samples were almost
dried by using a rotavapor, filtered through Whatman 0.2 µm filters, and collected in a
10 mL flask before being analyzed with IE-HPLC as previously described.

2.3. Biochemical Analyses
2.3.1. Bacterial and Fungal Counts

Three replicates of 2 g subsamples (dry weight equivalent) of straw and growing
substrates previously cut and homogenized in a Waring blender were suspended in 18 mL
of deionized water prepared with a Mill-Q water purification system and 2 mL of 0.18%
sodium pyrophosphate and sonicated for 2 min to disperse microbial cells. Nine mL of 1/4
strength Ringer solution (NaCl 2.25 g L−1, KCl 0.105 g L−1, CaCl2 0.045 g L−1, NaHCO3
0.05 g L−1 and citric acid 0.034 g L−1) were added to 1 mL of the liquid phase. Ten-fold
serial dilutions of the supernatants were made in sterile 1/4 strength Ringer solution. For
bacterial count, aliquots of the diluted supernatants were spread in triplicate on plates
covered by a 1/10 strength TSA (Tryptic Soy Agar) medium augmented with 0.1 mg mL−1

cycloheximide. For fungal count, aliquots of the diluted supernatants were spread in
triplicate on plates covered by a malt extract agar (MEA) medium containing 0.03 mg mL−1

streptomycin and 0.02 mg mL−1 tetracycline. The counts were performed after incubation
at 28 ◦C for 72 h for total culturable bacteria (TCB) and 120 h for total culturable fungi
(TCF) [22].

2.3.2. Enzymatic and Microbial Activities

The microbial activity was assessed by determining the enzymatic activity (β-glucosidase,
cellulase, pectinase) by which complex substrates could be transformed in products easily
usable for the growth of the cultivated fungus.

The total cellulase activity was measured by the Filter Paper assay. Briefly, an aliquot
of 0.5 g of sample was augmented with 5 mL of 0.05 M citrate buffer at pH 4.8. After
shaking at 4 ◦C for 24 h, the suspension was centrifuged for 5 min at 5000 rpm and for
another 5 min at 11,000 rpm, and the supernatant enzymatic extract was recovered. Then,
500 µL of the extract were added to 500 µL of carboxy-methyl cellulose, and a blank was
also prepared. After incubation at 50 ◦C for 24 h, the cellulase activity was determined by a
Pharmacia Biotech Ultraspec 4000 spectrophotometer at a wavelength of 540 nm [23].

The β-glucosidase activity was determined by using ρ-nitrophenyl-β-glucoside es-
say [24]. Briefly, 1 mL of ρ-nitrophenyl-β-glucoside (5 mM) and 1.5 mL of 0.1 M acetate
buffer, pH 4.8 at 50 ◦C, were thermostated for 5 min, to which 500 µL of enzyme solution
were added. After 30 min and at the same temperature, the hydrolysis of the ρ-nitrophenyl-
β-glucoside was blocked with 4 mL of 0.4 M glycine buffered at pH 10.8, allowing the
development of the color of the ρ-nitrophenol, spectrophotometrically measurable at
400 nm.

The pectinase activity was measured according to Li et al. [25]. The enzyme and 0.05 M
citrate buffer pH 4.8 was added to 50 µL of substrate (pectin or 1% polygalacturonic acid)
with a final reaction volume of 1.5 mL. The samples, controls, and standards were incubated
at 25 ◦C for 1 h, and after that, 3 mL of methyl-salicylic acid were added. The determination
of the pectinase activity was done using a protocol similar to the β-glucosidase one.
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2.3.3. DNA Extraction

The DNA extraction was performed by an indirect lysis method that involved the
recovery of the microbial cells from the straw matrix thanks to a mechanical extractor (Fast
Prep, BIO 101) and attached kit. This system operated at a speed of 5.5 m s−1 for 30 s, which
warranted an efficient lysis of all microorganisms in the straw. The samples were then
centrifuged to allow for the precipitation of proteins. Then, a matrix containing guanidine
isothiocyanate was added to the supernatant to bind the DNA. Mini columns with filters
allowed us to eliminate the contaminants and retained the DNA, which was recovered by
eluting with 100 µL of water and stored at 4 ◦C.

2.3.4. PCR, Electrophoretic Profiles, and Cluster Analysis

The extracted DNA was amplified by a polymerization chain reaction using a Sprint
thermocycler (Hyband) PCR at the following conditions: 10 min at 95 ◦C, 35 1-min cycles
at 95 ◦C, 30 s at 45 ◦C, 2 min at 72 ◦C, and a final step of 5 min at 72 ◦C. The PCR products
(3 µL) were separated by electrophoresis at 100 V for 60 min on a 1% (w/v) agarose gel and
displayed with ethidium bromide (0.5 µg mL−1). The identification of bacteria was carried
out upon partial sequencing of the 16S rDNA gene (16-23S region), using 968L-1401R as
the primer. The identification of fungi was achieved upon partial sequencing of the 18S
rDNA gene, using FR1-FF390 as the primer.

Amplified DNA fragments amounting to 0.5 Kb for bacteria and 0.4 Kb for fungi were
analyzed by denaturing gradient gel electrophoresis (DGGE), using polyacrylamide 6%
and urea-formamide 45–50% for bacteria, and polyacrylamide 7.5% and urea-formamide
45–50% for fungi. Briefly, about 30 µL of each amplified product were loaded on a parallel
polyacrylamide gel, with an increasing gradient in the same direction as the electrophoretic
migration. The electrophoretic run was performed for 16 h at constant temperature and
voltage (60 ◦C and 100 V) in tris-glacial acetic acid-ethylenediaminetetraacetic acid (TEA)
buffer. The electrophoretic patterns were visualized using SYBR Green I intercolorant that
featured a high sensitivity for nucleic acids and produced a low fluorescent background.
The gels were processed using the Bio-Rad Gel Doc 2000 system image acquirer and then
analyzed by the Quantity One Software that allowed for the comparison and clusterization
of the electrophoretic profiles using the UPGAMA method (unweighted pair group method
using arithmetic averages).

2.4. Biological Efficiency/Mushroom Yields

Mushrooms were harvested when their cap surface was flat to slightly up rolled at the
cap margins. The carpophores harvested from each bale at the end of each harvest period
were weighed, and data were used to calculate the percentage of BE, as the percentage
of the ratio of the fresh mushroom weight per bale and the dry substrate weight of bale,
according to Zervakis et al. [26].

2.5. Statistical Analysis

All experimental data were tested against the normal distribution of variables and the
homogeneity of variance using the RStudio software. The variables were then subjected to
a suitable ANOVA and post-hoc test.

3. Results and Discussion
3.1. Chemical Analyses of Raw Straw and Growing Media

The chemical analysis results of the substrates of different cycles of production did not
show any significant difference, whereas some significant differences were shown in the
substrates after different steps of preparation (Table 3). As expected, the moisture content
increased with increasing steps along the preparation of the growing substrates as a result
of wetting bales, reaching values > 75% in the last two steps of the process. Such values are
higher than the moisture content recommended at this composting phase, where humidity
should be maintained in the range of 55–65% [27]. The pH value increased along the
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process from neutrality to medium alkalinity, possibly due to the proteolytic action of the
microbial community that released ammoniacal N. Additionally, the ash content increased
and, simultaneously, the OC content decreased along the substrate preparation due to
the partial mineralization of growing media that occurred in the short-term composting
phase. On the other hand, the low TN content of the raw straw (step A) increased by
about 2% following the addition of the soy flour and remained almost constant until the
end of the substrate preparation. Unfortunately, all substrates had a TN content well
below 2%, a value considered optimal for fungal growth [28]. Accordingly, the C/N ratio
decreased along the substrate preparation steps, but it was always higher than the values of
28–30 considered suitable for the growth of mushrooms [5,13,14]. Therefore, all production
cycles shared some N deficiency, which affected mushroom growth and biological efficiency,
since N is one of the main nutrients [28]. Nevertheless, even if the C/N ratio did not change
with the age of the straw, the quality of carbon changed. In fact, fresh straw is richer in
more easily degradable molecules containing C, such as cellulose and hemicellulose, than
the older straw [29]. Therefore, similar C/N ratio values can derive from different carbon
and nitrogen molecules, which can influence the biological efficiency of Pleurotus ostreatus
differently.

Table 3. Chemical analysis results of straw and substrates corresponding to different steps of
preparation and different cycles of production. OC: organic carbon; TN: total nitrogen. Standard
deviations are reported in parentheses. Different letters indicate significant differences among cycles
(p < 0.05). n.s.: not significant.

Moisture Ashes pH OC TN C/N

% g·kg −1

Cycle n.s. n.s. n.s. n.s. n.s. n.s.
Step *** *** *** *** * n.s.

Cycle

1 57.6 a
(3.1)

11.2 a
(3.2)

8.1 a
(0.9)

507 a
(1.8)

6.8 a
(0.9)

74.9 a
(10.4)

2 58.2 a
(3.1)

14.9 a
(6.6)

7.5 a
(0.5)

486 a
(3.8)

6.4 a
(2.1)

85.2 a
(12.9)

3 55.3 a
(2.7)

13.2 a
(4.6)

7.9 a
(0.5)

495 a
(2.6)

7.2 a
(1.4)

71.6 a
(17.8)

4 59.0 a
(3.2)

13.9 a
(6.1)

8.0 a
(0.6)

489 a
(3.1)

7.8 a
(1.8)

66.8 a
(14.2)

Step

A 11.8 c
(1.3)

7.4 b
(0.7)

7.0 c
(0.2)

526 a
(0.4)

5.1 b
(1.1)

107.5 a
(18.0)

B 67.5 b
(1.6)

10.7 b
(0.4)

7.8 b
(0.1)

510 a
(0.2)

7.7 ab
(1.5)

67.8 a
(13.7)

C 74.5 ab
(3.1)

16.9 a
(3.6)

8.4 ab
(0.5)

467 b
(2.0)

7.5 ab
(1.1)

63.2 a
(11.8)

D 76.3 a
(5.8)

18.2 a
(2.8)

8.4 a
(0.4)

474 b
(1.3)

7.9 a
(0.7)

60.0 a
(4.2)

Although moisture and C/N ratio are the main parameters for the growth of mush-
room, other nutrients, such as phosphorus, magnesium, sulfur, calcium, iron, potassium,
as well as vitamins, should be monitored and possibly added to the growing media to
enhance the biological efficiency of Pleurotus ostreatus [5].

Table 4 reports the content of total and soluble sugars of raw straw and growing
substrates recorded for all production cycles and within each production cycle. Among the
total sugars, glucose and xylose were the two most represented sugars at the beginning of
each cycle, while arabinose and galactose were in lower concentrations. With regards to the
soluble sugars, which are promptly available to the fungus, sucrose and glucose were the
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most abundant sugars at the beginning of each cycle, followed by fructose, while arabinose,
galactose, and xylose were present in very low concentrations. It is noteworthy that the
first production cycle featured the highest total and soluble sugar content, possibly due to
the initial fresh age of the straw, whereas the four production cycles occurred over several
months with increasing age of the straw.

Table 4. Total and soluble sugars at the end of different cycles of production and after different
steps of preparation. ARA: Arabinose, GAL: Galactose, GLU: Glucose, XYL: Xylose, FRU: Fructose,
SUC: Sucrose, TOT: Total. Standard deviations are reported in parentheses. Different letters indicate
significant differences among cycles (p < 0.05). n.s.: not significant.

Total Sugars Soluble Sugars

ARA GAL GLU XYL TOT ARA GAL GLU XYL FRU SUC TOT

% dry weight mg·kg−1

Cycle *** * *** ** ** n.s. n.s. *** n.s. * *** **
Step n.s. * * * * * * ** n.s. * *** ***

Cycle

1 4.4 a
(0.2)

1.2 a
(0.2)

50.2 a
(1.1)

24.5 a
(0.9)

80.3 a
(1.7)

0.8 a
(0.1)

0.6 a
(0.1)

76.0 a
(6.2)

0.3 a
(0.1)

7.1 a
(1.3)

123.0 a
(20.4)

207.8 a
(50.2)

2 2.6 b
(0.4)

0.8 b
(0.1)

47.2 ab
(2.3)

19.7 b
(2.1)

70.2 ab
(4.3)

1.0 a
(0.2)

0.2 a
(0.1)

24.2 b
(2.7)

0.0 a
(0.0)

7.6 a
(1.0)

67.1 b
(8.6)

100.2 b
(18.3)

3 2.4 b
(0.5)

0.8 b
(0.1)

42.0 c
(2.7)

20.5 b
(1.2)

65.6 b
(4.4)

0.6 a
(0.1)

0.4 a
(0.1)

5.7 c
(1.1)

0.0 a
(0.0)

1.4 b
(0.8)

7.3 c
(2.8)

15.4 c
(7.2)

4 2.8 b
(0.5)

1.0 ab
(0.3)

46.0 b
(1.6)

20.8 b
(2.7)

70.6 ab
(6.1)

0.7 a
(0.3)

0.3 a
(0.1)

5.0 c
(0.9)

0.2 a
(0.0)

2.4 b
(0.7)

10.0 c
(3.4)

18.5 c
(4.2)

Step

A 3.2 a
(0.9)

1.0 ab
(0.2)

48.0 a
(3.2)

22.9 a
(2.0)

75.1 a
(2.9)

1.6 a
(0.7)

0.9 a
(0.2)

85.7 a
(8.3)

0.0 a
(0.0)

8.7 a
(3.2)

167.2 a
(20.3)

264.1 a
(31.2)

B 3.3 a
(1.0)

1.2 a
(0.1)

47.2 a
(2.6)

22.4 a
(1.2)

74.0 a
(1.5)

0.5 b
(0.1)

0.3 b
(0.2)

14.0 b
(3.4)

0.0 a
(0.0)

5.4 ab
(2.4)

25.9 b
(6.4)

46.1 b
(12.6)

C 3.1 a
(0.7)

0.9 b
(0.1)

47.0 a
(3.2)

20.6 ab
(2.7)

71.5 ab
(3.1)

0.5 b
(0.1)

0.2 b
(0.1)

7.4 bc
(1.9)

0.1 a
(0.0)

2.8 b
(1.2)

9.0 c
(2.8)

20 bc
(4.2)

D 2.6 a
(1.0)

0.8 b
(0.2)

43.2 b
(1.2)

19.6 b
(1.1)

66.1 b
(2.2)

0.5 b
(0.1)

0.2 b
(0.2)

3.9 c
(0.8)

0.4 a
(0.1)

1.6 b
(0.4)

5.2 c
(1.2)

11.8 c
(3.2)

Within each production cycle, the concentration of total sugars decreased slightly from
the first to the last step of the growing substrate preparation, apart from arabinose, but
the content of the soluble sucrose, glucose, and fructose decreased dramatically (Table 4).
Thus, along the preparation of the growing substrate, a portion of soluble sugars was
consumed by the microbial community, and another portion was probably leached with
wetting. Fewer available sugars mean fewer carbon sources for mushroom growth [30,31]
and lower production of exoenzymes responsible for the degradation of recalcitrant lignin
and polysaccharides to simple sugars [32]. Therefore, the BE of the various cycles ranged
from 26.28% to 15.49%, with the lowest percentage recorded for the last cycle that used the
oldest straw (Figure 2). These results were also confirmed by the high Pearson correlation
coefficient between BE and soluble sugars (r = 0.910), while BE was less correlated with
total sugars (r = 0.700).

Previous studies reported that the BE varied according to the different raw materi-
als used to prepare the substrate for the cultivation of mushrooms [17,33,34]. Fanadzo
et al. [17] tested different growing media for the cultivation of Pleurotus ostreatus with
different compositions, finding that BE ranged from 97% when using maize straw as a
substrate without supplementation, to 15% when a supplement consisting of thatch grass
and maize bran was provided. Frimpong–Manso et al. [35] evaluated the BE of Pleurotus
ostreatus grown on composted sawdust with or without the supplementation of rice husk at
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different percentages and found that BE decreased from 75.2% to 40.7%, with the increasing
percentage of rice husk.
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3.2. Microbiological Analyses of Raw Straw and Growing Media

The TCB count showed a similar trend in the four cycles analyzed (Figure 3a). In
particular, the TCB values in the initial substrate, i.e., raw straw, were low (about 107 CFU
g−1 of dry straw), then successively increased by two orders of magnitude both in the wet
straw samples after the addition of soy flour and in the substrates obtained at the end of
5 days of composting, and finally decreased again after pasteurization, reaching values
similar to those of the starting substrates. These results were expected, as the addition
of water and nitrogen in steps B and C better satisfied the requirements of the bacterial
community in its growth and activity.

On the other hand, the values of TCF did not show a common trend in the four cycles
(Figure 3b). In particular, the TCF trends shown by the first and second cycles were similar
to those of TCB, while in the third and fourth cycles, the TCF values were very high for the
initial two steps of substrate production and then decreased markedly in the last two steps.

In general, the content of TCF was two-thirds lower than that of TCB. Previous studies
reported that bacteria dominate the initial stages of straw decomposition; as they prefer
to decompose labile compounds such as carbohydrates [36,37], fungi dominate the last
stages of the process as they are able to decompose more recalcitrant compounds [38,39].
In this study, the use of aged straw in cycles 3 and 4 showed a higher content of TCF at the
beginning of substrate preparation (steps A and B) with respect to cycles 1 and 2, which
started with fresh and less aged straw. As expected, in any cycle, the TCF content was
reduced significantly at the end of the process due to pasteurization of the substrate.

The cluster analysis of the fingerprinting of bacteria resulted in a low similarity index,
which ranged from 0.33 to 0.50 for the different steps of each cycle. A similar, even more
marked, trend was observed for fungi, whose similarity indexes ranged from 0.16 to 0.22.
Therefore, as expected, each phase was characterized by its own microbial community.
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3.3. Enzymatic Analyses of Raw Straw and Growing Media

Cellulases are enzymes that catalyze the hydrolysis of cellulose to form cellobiose [40].
In general, the cellulase activity increased along the substrate preparation steps, reaching
a significantly higher value at the end of pasteurization, when a larger release of such
enzyme occurred (Figure 4a). Iqbal et al. [41] reported that cellulase activity was related to
a complex relationship involving the inoculum size, the carbon source and cellulose quality,
the pH value, temperature, aeration, and the growing time of microorganisms.

The β-glucosidase is an enzyme involved in the late steps of cellulose degradation by
catalyzing the cleavage of cellobiose and the release of simple sugars easily available for
microorganisms [42]. This enzyme is also active in breaking β-glycosidic bonds; thus, it
can also act in the degradation of hemicelluloses and mucopolysaccharides. No significant
difference in β-glucosidase activity was measured among the different cycles and among
the same steps of the four cycles considered (Figure 4b). After the addition of soy flour
and water (step B, Figure 4b), the β-glucosidase activity increased significantly in all cycles
simultaneously with the increased microbial activity. The increased availability of nutrients
generally promotes the growth of bacteria and fungi (Figure 3a,b), β-glucosidase activity
(Figure 4b), and the production of enzymes with low substrate affinities [42].
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Pectinases are enzymes able to degrade pectins, i.e., the main components of the
middle lamellae of plant cells, to calcium and magnesium pectates [43], which allow mi-
croorganisms to extract nutrients from plant tissues. The pectinase activity was significantly
higher in the first two cycles and, especially, in the first two steps of the latter (Figure 4c).
Therefore, the activity of this enzyme would depend on the quality, i.e., age of the straw,
which implies its greater activity in fresher straws that are richer in pectins that are, unlike
cellulose, easily degradable polymers.

A positive correlation (r = 0.95; p = 0.045) was found between pectinase activity
recorded in step D of substrate preparation and BE, which might be ascribed to the colo-
nization phase associated with cell wall opening [44]. Apparently, this enzymatic phase
anticipated the consequent decomposition of cellulose in cellobiose. On the other hand, no
significant correlation was found between cellulase activity and BE, whereas a negative
correlation occurred between β-glucosidase activity and BE (r = −0.97; p = 0.024) as both
enzymes depend, in turn, on pectinase activity.

4. Conclusions

The results of this study suggest that the age of the straw and the process adopted
to obtain the growing substrate for Pleurotus ostreatus affect the production of the mush-
room. In particular, a reduction of sugars, especially the soluble ones, has been measured
during the four substrate preparation cycles examined along the steps of each substrate
preparation. However, the use of fresh straw (Cycle 1) resulted in the highest content of
sugars. Furthermore, the two phases preceding the Pleurotus ostreatus inoculation drasti-
cally reduced the soluble sugar content, as these sugars were consumed by the microbial
community and, possibly, also leached due to overwatering of the substrates during the
brief initial composting process. Therefore, care should be taken in the storage of the fresh
raw straw to reduce its degradation due to aging as much as possible or supplement the
growth substrate with other sources of sugars as the straw ages. At the same time, particu-
lar attention should be devoted to controlling the C/N ratio and moisture content of the
substrate, so that fungi can grow in the best possible conditions to enhance the biological
efficiency and, in turn, the final yield of mushroom. In the present study, N deficiency was
recorded in all growing media, as the addition of the N source did not reduce the C/N
ratio to the values required by fungus. Therefore, the N deficiency should be balanced with
organic N compounds such as urea, hydrolyzed proteins, amino acids, yeast extract, or
ammonium or nitrate-based fertilizers.
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