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Abstract: Recently, the cultivation of hazel is undergoing a large expansion. Italy is the world’s
second largest producer of hazelnuts, with a production of around 98,530 tons in 2019. The processing
of hazelnuts produces large amounts of waste, especially woody pericarps, due to the cracking
process, generally used for domestic heating, causing air pollution. The high lignin content present in
the pericarps makes them a suitable substrate for the cultivation of edible and medicinal mushrooms.
To this aim, Ganoderma lucidum, Lentinula edodes, and Pleurotus cornucopiae were grown and culti-
vated on different hazelnut-shell-based substrates: Hazelnut Shell (HS), Hazelnut Shell and Wheat
Straw (HS-WS), and Wheat Straw mixed with Beech Chips (WS-BC) as control. In vitro mycelial
grow rate, the degradation capacity of the lignocellulosic fraction, the biological efficiency, and the
qualitative differences between mushrooms growing on different substrates by using Attenuated
Total Reflectance–Fourier transform infrared (ATR-FTIR) spectroscopy were investigated. Our results
suggested the ability of G. lucidum, L. edodes, and P. cornucopiae to grow and decay the lignocellulosic
fraction of HS. Cultivation trials showed a similar biological efficiency but a different Fruiting Body
Production (FBP) in the presence of HS with respect to the control. ATR-FTIR analysis provided a
chemical insight for the examined fruiting bodies, and differences were found among the substrates
studied. These results provide attractive perspectives both for more sustainable management and for
the improvement of mushroom cultivation efficiency.

Keywords: sustainability; mushroom cultivation; wood fungi; ATR-FTIR

1. Introduction

The hazel, Corylus avellana L., is the world’s leading nut crop with a production of
1,125,178 tons in 2019 [1]. Turkey, Italy, and Azerbaijan are the three lay producers with
a production of 776,046; 98,530 and 53,793 tonnes, respectively [1]. Ninety percent of the
hazelnuts produced are intended for processing [2], deprived of the woody pericarp, and
used in chocolate, pastry, confectionery, as well as in the preparation of numerous foods
and liqueurs [3,4].

One of the main concerns associated with hazelnut production is due the large amount
of by-products. Hazelnuts are mechanically collected by compact harvesters in-shell
covered by husks that are mechanically separated during harvesting. In-shell nuts need to
be opened in order to be introduced into the industrial food chain. The woody biomass
produced as a result of the cracking process accounts for more than 50% of the total nut
weight [5]. Lignin, present in a percentage between 40% and 50%, is the main constituent of
the hazelnut shells, followed by hemicellulose and cellulose present in percentages between
13–32 and 16–27 percent, respectively [5–7].

In recent years, there has been marked attention to climate change, the preservation
of species biodiversity, environmental sustainability by sustainable and environmentally
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friendly use, and the recycling of waste in line with the circular economy approach. Conse-
quently, the scientific community is encouraged to seek new methods and strategies for
exploiting the by-products of agricultural activities.

Traditionally, hazelnut shells (HS) are mainly used as a boiler fuel for domestic heating
causing air pollution [8–10] and for landscaping [11]. Several studies have been conducted
in order to enhance and valorize this waste by-product with the aim to obtain new materials,
chemical compounds, and bioactive ingredients. In particular, HS were found to be suitable
for the production of particleboard and Medium Density Fiberboard (MDF) [12,13], acti-
vated carbons capable of adsorbing and removing different heavy metals and CO2 [14–22],
antioxidant phenolics [6,23–26], fermentable sugars and xylooligosaccharides [11,27], hy-
drogen production [28,29], ethanol [30] and some prebiotic compounds [31].

Mushrooms are considered an important source of food and biologically active com-
pounds with several medicinal proprieties [32]. Various lignocellulolytic mushrooms such
as oyster mushrooms, shiitake, and Ganoderma sp. are cultivated on different pasteur-
ized or sterilized lignocellulosic substrates. While oyster mushroom (Pleurotus spp.) and
shiitake (Lentinula edodes (Berk.) Pegler) are cultivated worldwide for their culinary quali-
ties [33,34], Ganoderma lucidum sensu latu is the most important medicinal mushroom, and
it is specifically cultivated for its pharmacological activities [35]. Moreover, mushrooms
can be cultivated on several agricultural wastes, which can be sustainably recycled in the
principles of circular economy [36].

Some previous works report the possibility of using the hazelnut husk and hazelnut
leaves as basal ingredients for substrate preparation in L. edodes and Pleurotus cultiva-
tion [10,37,38], but no reference was found by the authors regarding the use of HS as
substrate for mushroom cultivation. Due to the high lignin content, this by-product can be
used as a substrate for the cultivation of lignocellulolytic mushrooms.

Fourier transform infrared spectroscopy (FTIR) is widely used for the rapid and
non-destructive characterization of the macromolecule structures (lipids, proteins, nucleic
acids, and polysaccharides) [39]. More specifically, amongst the various techniques used,
attenuated total micro reflectance (ATR) is viewed as very advantageous as it doesn’t
require any sample preparation prior to spectral analysis. In ATR measurements, the depth
of penetration of the IR radiation into the sample is independent of the sample thickness.
Consequently, by layering the solid sample directly on the micro diamond crystal, structural
information at different parts of the sample may be gained. Specifically, it was used to
identify species and geographic origin of Boletus sp. mushrooms [40] or quantify the total
polysaccharide content in Ganoderma mycelia [41], as well as glucans and ergosterol content
in Pleurotus [42]. In an earlier study, it was also used to show how physical harm had
an effect on tissue structure and the aging process [43]. The most intriguing application
of this technique is currently the degradation processes of various agricultural waste for
mushroom cultivation [44,45].

To this aim, G. lucidum, L. edodes, and P. cornucopiae were grown on HS substrates in
order to evaluate their potential as alternative growth substrates. In order to accomplish
this objective, mycelia growth rate and biological efficiency were studied. Additionally,
micro ATR-FTIR was applied to explore the substrate breakdown and the composition of
the fruiting bodies.

2. Materials and Methods
2.1. Substrates

The hazelnut shells were provided by an organic farm located in Carrù (Cuneo,
Piedmont, Italy). Wheat straw (WS) and Fagus sp. L. chips (Beech Chips, BC) were kindly
provided by the Cadriano farm of the University of Bologna. Wheat straw and BC were
crushed into fragments smaller than 0.5 cm; HS was crushed with a cutting mill (Retsch,
SM 100) and autoclaved at 121 ± 1 ◦C for 60 min to prevent any contamination during
storage. The dried raw materials were stored at 22 ± 1 ◦C.
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2.2. Mushrooms Cultures and Mycelial Growth Rate Evaluation

Experimental trials were carried out by using three species of Basidiomycetes mush-
rooms: G. lucidum, L. edodes, and P. cornucopiae.

Ganoderma lucidum (strain Glu16) and P. cornucopiae (strain Pco3) were isolated from
fruiting bodies collected in the wild; L. edodes strain (LEd5) was brought by the Fungal
Institute of Jinxiang (Shandong province, China).

The mycelial pure cultures were stored in the Mycological and Applied Botany Lab-
oratory of the Department of Agricultural and Food Sciences (DISTAL) at the University
of Bologna (Bologna, Italy). The isolates were kept at 22 ± 1 ◦C in darkness on Potato
Dextrose Agar (PDA, Difco) half strength and subcultured every two months.

For mycelial growth area evaluation, plugs of 10 mm diameter were taken by 15-day-
old colonies of each species and inoculated in the center of 9 cm sterilized Petri dish filled
with 30 g of three different substrates previously soaked for 24 h with distilled water and
brought to 70% humidity: Hazelnut Shell (HS); Wheat Straw 50%-Hazelnut Shell 50%
(WS 50%-HS 50%) and Wheat Straw (WS) as control. Five replicates were made for each
combination of species and substrate. All plates were incubated at 22 ± 1 ◦C in darkness.
The fungal growth was assessed by measuring the diameter of the colony along two preset
diametrical lines every day.

The area (cm2) covered daily by the mycelium was calculated assuming an elliptical
shape as reported by [46] using the following formula:

A = π × R1 × R2

where A is the fungal colony area (cm2) and R1 and R2 are the two perpendicular radii,
respectively.

The area growth rate of the mycelium (AGR) was calculated with the formula of
Sinclair and Cantero [47] modified as follows:

AGR =
A f − Ai

Tf − Ti

where AGR is the growth rate (cm2 day−1); Af is the final growth area (cm2); Ai is the initial
growth area (cm2) and Tf is the final growth time (days); Ti is the initial growth time (days).

2.3. Mushrooms Cultivation Trials

Spawn production occurs in inoculated glass tubes containing 30 g of sorghum kernels
and distilled water in a 1:2 (v/v) ratio, previously sterilized at 121 ± 1 ◦C for 20 min, with
two 15-day-old mycelial plugs of 1 cm diameter. Five replicates were prepared for each
species-substrate combination. The tubes were incubated in the dark at 22 ± 1 ◦C for
30 days with the aim to obtain the complete colonization of the kernels.

Two different HS-based substrates were used as reported in Table 1; a substrate
composed of wheat straw 50% and Beech Chips 50% was used as a control. Homogeneous
substrate mixtures were prepared by mixing component materials based on their dry
weight (w/w).

Table 1. Composition and ratios of the substrates used in cultivation trials.

Substrates and Mixing Ratio Code Average Dry Weight (g)

Wheat Straw 50%-Beech Chips 50% (control) WS-BC 400
Wheat Straw 50%-Hazelnut Shells 50% WS-HS 900

Hazelnut Shells 100% HS 1500

The substrates were inserted into autoclavable polypropylene (PP) transparent bags
(20 × 30 cm). Dried mixed substrates were moistened with 1 L (per bag) of distilled water
for 24 h and the excess of water was removed by squeezing the bags.
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Bags were closed with a PP plastic cap with a filter, autoclaved at 121 ± 1 ◦C for
60 min; inoculated with grain spawn by opening the bag, inserting the inoculum inside it
(1 tube per bag), mixing the inoculum with the substrate, and incubated in the darkness
at 22 ± 1 ◦C until the complete colonization of the substrate. For each species-substrate
combination, five bags were prepared.

After 1 or 2 months of mycelial growth, depending on the substrate (one month on
WS and WS-BC and around 2 month on HS), bags were moved to a climatic chamber with
different climatic conditions (Table 2) according to their biological needs [48].

Table 2. Cultivation parameters used in the trials.

Species

Ganoderma lucidum Lentinula edodes Pleurotus cornucopiae

Temperature (◦C) 22–30 10–20 18–25
Light intensity (Lux) 500–1000 500–1000 500–1000

Relative Humidity (%) 85–95 60–95 80–95

Lentinula edodes fruiting body were collected only when the cap radius reached 5 cm
in diameter [49]. Ganoderma lucidum and P. cornucopiae were collected when the cap was
completely developed. The duration of the harvest periods, starting from the appearance
of the first primordia, was two months for L. edodes and P. cornucopiae and 3 months for
G. lucidum. All fruiting bodies were freshly weighted, dried in a stove at 40 ◦C for 24 h,
and their dried weight was recorded. Biological efficiency was calculated according to
Chang et al., 1981 [50].

2.4. Micro ATR-FTIR Spectroscopy Analysis

A Bruker Tensor FT-IR instrument (Bruker Optics, Ettlingen, Germany) equipped
with an accessory for analysis in ATR was used. The sampling device contained a micro-
diamond crystal, single reflection with an angle of incidence of 45◦ (Specac Quest ATR,
Specac Ltd., Orpington, Kent, UK). Spectra were recorded from 4000 to 400 cm−1, with a
spectral resolution of 4 cm−1 and 64 scans. Background spectra were also taken against air
under the same conditions before each sample.

The substrates from in vitro test were analyzed after 30 days of mycelial growth,
as previously described by Fornito et al., 2020 [44]. Parts of dried fruiting bodies (cap,
hymenophore, and stipe) grown on the HS and WS-BC of each species were placed on
the diamond crystal, and pressure was applied with a compression clamp. The resulting
spectra of each type of sample were averaged. Isopropyl alcohol was used to clean the
diamond crystal before each recording.

2.5. Statistical Analyses

Statistical analyses were performed using the RStudio [51] graphical interface for
the R software environment v.4.0.2 (R Foundation, Vienna, Austria) with the packages
agricolae, ggplot2, Hmisc, and mice. The analysis of variance (ANOVA) and Kruskal-Wallis
test were used to determine the significant difference of AGR, Fruiting body production
(FBP, expressed as dry weight of mushrooms collected during the harvesting period), and
biological efficiency among different substrates. Tukey post hoc test (p ≤ 0.05) was used to
compare the means.

3. Results
3.1. In Vitro Mycelial Growth and ATR-FTIR of Substrates

Figure 1 shows the in vitro mycelial growth of the tested fungi in the three different
substrates. Only P. cornucopiae showed a significantly higher mycelial growth rate on WS
(Figure 1e,f). The growth of G. lucidum, L. edodes, and P. cornucopiae was significantly lower
on HS with respect to the other substrates (Figure 1a,c,e). Statistical differences were found
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between the area growth rate of G. lucidum and L. edodes grown on HS respect to WS and
WS-HS (Figure 1b,d).

Figure 1. Growth and AGR of (a,b) Ganoderma lucidum, (c,d) Lentinula edodes, and (e,f) Pleurotus
cornucopiae in Petri dishes on WS (blue), HS (orange), and WS-HS (yellow). Different letters indicate
significant differences at p ≤ 0.05.

In the fingerprint region (1800–600 cm−1) of the substrate spectra, WS and HS, and
after 30 days of mycelial growth, consistent structural variation for both substrates were
found for G. lucidum, L. edodes, and P. cornucopiae (Figure 2a,b). In the WS spectrum (black
line) (Figure 2a), the bands at 1735 cm−1, due to unconjugated C=O, and at 1460 cm−1 (C–H
deformation), correspond to those of xylan (hemicellulose) or the heterocyclic cellulosic
rings [52]. The peak at 1623 cm−1 may be assigned to carboxylates in aromatic rings.
The shoulder at 1517 cm−1 was attributed to the aromatic skeletal vibrations (C=C) and
aromatic breathing in lignin, respectively [53–55]. The bands at 1423 cm−1 and 1322 cm−1

were assigned to C–H2 bending at C-6 of the crystalline cellulose [56], and that at 1370 cm−1

was due to CH2 bending vibrations in cellulose and hemicellulose. The region between
1100 and 950 cm−1 corresponded to that of cellulose and hemicelluloses. The most intense
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bands centered at 1031 cm−1 were assigned to the C–O–C stretching of primary alcohol
in cellulose and hemicellulose [57]. The weak shoulder at 898 cm−1 was associated with
C1–O–C β-(1–4)-glycosidic linkage in cellulose. The other bands at approximately 700 cm−1

and 600 cm−1 were assigned to the C–OH bending [58,59].

Figure 2. ATR-FTIR spectra of (a) WS (blue line) and (b) HS (orange line) after 30 d of mycelial
growth of G. lucidum (red line), L. edodes (green line) and Pleurotus cornucopiae (purple line).
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After 30 days of mycelial growth, a considerable structural modification was observed.
In particular, the progressive decrease of xylan in hemicellulose (1735 cm−1 and 1460 cm−1)
in L. edodes and G. lucidum and the total disappearing in P. cornucopiae was observed in the
spectra (Figure 2a).

Lignin decay may be ascertained in the decreased intensity of absorption bands at
around 1623 cm−1, appearing more significant in P. cornucopiae. Conversely, the band
at 1322 cm−1 (Figure 2a) increased in G. lucidum and P. cornucopiae. More significant
variations were also observed in the glycosidic C–O–C band (1100–950 cm−1), showing an
alteration of the linkage C1–O–C β-(1–4)-sugar of the polymeric cellulose in the following
order: P. cornucopiae > G. lucidum > L. edodes, probably as a result of cellulose degradation
processes. As shown in Figure 2b, the HS spectrum (blue line) displayed a number of
adsorption peaks, indicating the complex nature of the material examined [60]. More
precisely, the peak centered at 1734 cm−1 could be ascribed to acetyl and uronic ester
groups in hemicellulose and ρ-coumaric acids in lignin [40]. The bands at 1613 cm−1

and 1509 cm−1 corresponded to the aromatic skeletal vibration in lignin [52] as well as
the bands at 1458 cm−1. In addition, the bands at 1422 cm−1 were derived from C–H
bending in lignin. The cellulose and hemicellulose bands appeared at 1372 cm−1 and 1326
cm−1 (C–H bending). Nevertheless, the last band also may be assigned to C–O vibration
in syringyl derivatives as well as the band at approximately 1237 cm−1, due to syringyl
ring and C–O stretching in lignin and xylan [60]. The most intense region from 1100 to
900 cm−1 was attributed to C–O and C–O–C stretching in cellulose and hemicellulose.
Spectra after mycelia growth showed a progressive reduction in the relative intensity of
the aromatic rings (1509 cm−1, 1326 cm−1, and 1237 cm−1) in this order: L. edodes > G.
lucidum > P. cornucopiae. Likewise, the gradual decrease in the peak at 1734 cm−1 might be
related to the presence of ρ-coumaric acids from the lignin rather than the hemicellulose. In
the region corresponding to cellulose and hemicelluloses (1100 to 900 cm−1), a significant
increase in C–O (1102 cm−1) group in P. cornucopiae and L. edodes was detected. On the
contrary, the C−O−C group decreased in G. lucidum and L. edodes (Figure 2b).

3.2. Fruiting Body Production

In Figure 3, the FBP and the biological efficiency of all the tested fungi in different
substrates are reported. The FBP of L. edodes was significantly higher on HS than on the
other tested substrates (Figure 3c). The P. cornucopiae FBP on HS was significantly higher
than on WS-BC but had similar production as on WS-HS (Figure 3e). In contrast, the
FBP of G. lucidum was significantly lower in HS than WS-BC but similar to FBP on WS-
HS (Figure 3a). Regarding the biological efficiency, all the tested fungi showed a higher
biological efficiency on WS-BC with respect to the other substrates (Figure 3b,d,f).

3.3. Qualitative Evaluation of Mushrooms by ATR-FTIR

The spectra of the fruiting bodies of G. lucidum, L. edodes, and P. cornucopiae produced
on different growing media (HS and WS-BC) are shown in Figure 4.

As no spectral difference from 1800 cm−1 to 800 cm−1 was detected between the
cap, the gills, and the stipe in either L. edodes or P. cornucopiae, the spectra were averaged
(Figure 4a,b). Conversely, in the G. lucidum spectra, a significant spectral variation was
observed between the cap and the hymenophore (Figure 4c,d). The characteristic bands of
the main functional groups are listed in Table 3.
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Figure 3. FBP and biological efficiency of (a,b) Ganoderma lucidum; (c,d) Lentinula edodes, and (e,f)
Pleurotus cornucopiae grown on HS (orange), WS-BC (blue), and WS-HS (yellow). Different letters
indicate significant differences at p ≤ 0.05.
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Figure 4. Cont.
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Figure 4. ATR-FTIR spectra of the fruiting bodies of (a) P. cornucopiae cultivated on WS-BC (dotted
purple line) and HS (solid purple line); (b) L. edodes cultivated on WS-BC (dotted green line) and HS
(solid green line); (c) G. lucidum hymenophore on WS-BC (dotted cyan line) and HS (solid cyan line);
(d) G. lucidum glossy surface on WS-BC (dotted black line) and HS (solid black line).
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Table 3. Attributions of the main characteristic FT-IR bands in the spectra of G. lucidum, L. edodes and
P. cornucopiae fruiting bodies according to the literature.

Wavenumber (cm−1) Functional Groups Attributions Reference

1745–1738 C=O stretching of lipids [61]
1696–1690 CHO stretching in aromatic [62]
1640–1638 Amide I, water [61]
1540–1548 Amide II [61]

1507 Aromatic ring [62]
1455 CH2 bending in polysaccharides [39]

1400–1378 C–H in-plane bending vibration [63]
1245–1235 Amide III and C–O stretching [40]

1150–1157 C–O–C asymmetric stretching of glycosidic
linkage [43]

1040–1025 stretching vibration of C–O–C group [43]
930–882 Glucan band β anomer; C–H deformation [64]

807–796 α (1–6) linked backbone with α (1–3); CH out-of
plane bending [64]

In the spectra of P. cornucopiae and L. edodes (Figure 4a,b) are well identifiable the
Amide I (~1640 cm−1), Amide II (~1540 cm−1) and Amide III (~1240 cm−1) bands of
proteins [61]. Another characteristic is valuable in the region of polysaccharides vibrations
between 1150–796 cm−1 (Table 3). More specifically, the bands at about 807 cm−1 and
930 cm−1 are corroborating for mannan [α (1-6) linked backbone with α (1-3) and α (1-2)
linked branches] a type of glucan that is one component of fungal cell walls and chitin (N-
acetylglucosamine based polymer), respectively [64]. A weak shoulder at around 1740 cm−1

indicated the presence of cell membrane phospholipids [61]. Pleurotus cornucopiae grown
on WS-BC and HS (Figure 4a) showed a similar spectral profile, although an increase in the
relative intensity of the bands was seen in presence of WS-BC and more specifically, in the
polysaccharide region. At the opposite, the spectra of L. edodes grown on HS consistently
showed an increase in the relative intensity of all bands as compared to the WS-BC substrate
(Figure 4b). However, no relevant structural variation was observed.

Referring to the spectra of G. lucidum grown on HS and WS-BC, a different spectral
profile was detected both in the external and inner parts of the fruiting body and in the
different substrate (Figure 4c,d). The glossy surface part of both cap and stipe were charac-
terized by esterified carboxyl groups in lipids at 1745 cm−1 and 1235 cm−1, respectively.
These bands may also be coupled to vibrations at 1455 cm−1 and 1378 cm−1 in C–H bending
of aliphatic compounds. The band at 1690 cm−1, 1630 cm−1, and 1504 cm−1 were due to
aromatic rings vibrations [62]. The region from 1100 to 896 cm−1 belonged to the vibration
of C–C–O or C–C–OH in polysaccharides (Table 3). In the inner part of the fruiting body
and hymenophore, the lipid functional groups (1744 cm−1, 1450 cm−1, 1371 cm−1 and
1247 cm−1) become weaker (Figure 4c) than those observed in the surface. Instead, the
bands of amide I, (1644 cm−1) and amide II (1551 cm−1) were visible. The spectra were also
dominated by the intense bands assigned to polysaccharides from 1150 to 893 cm−1. By
comparing the spectra of G. lucidum grown on HS and WS-BC, the main variations occurred
in the polysaccharide region, which appeared more intense in HS than in WS-BC.

4. Discussion

The circular economy in the agro-wastes management sector requires reusing these
materials as a feedstock in a variety of production cycles. In this context, the high pro-
duction of hazelnuts has led to a significant accumulation of wood residues frequently
involved in manufacturing processes, potentially impacting the environment.

In this work, we explored the potential of HS as a growing substrate for the cultivation
of edible and medicinal mushrooms.

Preliminary results in Petri dishes indicated that all the three tested species were able
to grow on HS (Figure 1), which was never used for mushroom cultivation.
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It is well known that the C/N ratio is one of the most important parameters for
mushroom growth and cultivation [65]. The C/N ratio of hazelnut shells ranged from 43.4
to 58 [66–68]; this C/N ratio is optimal for L. edodes and P. cornucopiae and sub-optimal for
G. lucidum. In fact, the optimal C/N ratio for L. edodes and P. cornucopiae ranges from 30–35
and 45–55, respectively, whereas G. lucidum development is favored by C/N ratios between
70 and 80 [48,68].

All the tested species are considered white-rot fungi naturally found on hardwood [69].
However, G. lucidum, L. edodes, and P. cornucopiae showed a different behavior on the
tested substrates. Pleurotus cornucopiae grow better on WS and WS-HS with respect to HS
(Figure 1e,f), this different behavior could be due to the different lignin percentage in HS
(ranging from 40 to 50%) [5–7] with respect to WS (15%) [70,71] and the greater presence
of soluble sugars and nutrients present in WS. In fact, P. cornucopiae on WS and WS-HS
rapidly covered the surface of the plate and then degraded its cellulose and available
hemicellulose. In contrast, in HS substrate, lesser soluble nutrients were released, and
lesser cellulose and hemicellulose were available without previous degradation of lignin.
Moreover, P. cornucopiae is typically found on poplar wood which contains a percentage
of lignin ranging from 16 to 21% [72]. On the other hand, G. lucidum and L. edodes are
commonly found on oaks and on chestnut trees, whose lignin content ranging from 18–30%
in oak wood to 26% in chestnut wood [73,74].

The efficiency of mycelial growth on different substrates may be related to the struc-
tural modification detected in the spectra (Figure 2a,b). Since the lignocellulose is the major
component of any substrate, the changes observed in the spectra presumed a synergistic
action of several enzymes [68,75]. As expected, the mycelial growth of P. cornucopiae in WS-
BC resulted in a change in the acetyl and uronic ester groups of hemicellulose (1734 cm−1)
and in those bound to the C1–O–C β-(1-4)-sugar bond of cellulose. Based on these struc-
tural changes, we can surmise that enzymatic hydrolysis led to a total degradation of
β-(1,4) glycosidic bonds with the missing band at 898 cm−1 and the production of new
simple molecules, most likely as sugar acids (Figure 2a). Substrate degradation activity
by G. lucidum and L. edodes did not lead to significant structural changes in WS-BC, even
though in G. lucidum is visible light degradative activity of acetyl and uronic ester groups
of hemicellulose (1734 cm−1).

As previously reported, the higher mycelia growth capacity of G. lucidum and L. edo-
des on HS could be related with the high lignin, cellulose, and hemicellulose contents.
Specifically, G. lucidum caused a modification of the HS substrate with reduction of the
acetyl and uronic ester groups of hemicellulose (1734 cm−1) and of those linked to the
C1–O–C β-(1-4)-sugar bond of cellulose. In addition, the typical lignin aromatic ring
(1509 cm−1) showed consistent degradation that, coupled with the gradual decrease of the
peak at 1734 cm−1 related to ρ-coumaric acids rather than to hemicellulose, suggests that
lignin degradation is the first level of lignocellulose degradation in order that cellulose
and hemicellulose accessibility is more feasible [76]. With L. edodes and P. cornucopiae, the
alterations were mainly related to the region of cellulose and hemicelluloses (1100 to 900
cm−1). The increase in these bands may indicate that a variety of hydrolytic enzymes could
be released during fungal attacks specifically to modify and break the bonds of the lignin
and hemicellulose; the chemical changes in these compounds signal that the fungus could
take them as carbon sources.

After in vitro preliminary tests, cultivation trials conducted on G. lucidum, L. edodes,
and P. cornucopiae showed a biological efficiency on HS (0.8, 11.0, and 10.8%, respectively)
lower than those obtained on WS-BC (6.4, 21.9, and 22.9%, respectively), but the biological
efficiency on WS-BC are in line with those previously obtained by other authors [77–79].
The lower biological efficiency on HS could be attributed to the higher dry weight of the
substrate used to fill each bag. Lentinula edodes and P. cornucopiae showed a good FBP,
proving capable of exploiting HS-based substrates, although the growth of P. cornucopiae
in vitro was slower than WS and WS-HS. In contrast, G. lucidum had a lower FBP on
HS despite rapid development in vitro. The mycelial colonization and the fruiting body
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production could not be strictly correlated as in not ideal substrates; several fungi show a
faster colony expansion for a foraging strategy [80].

A spectroscopic comparison of P. cornucopiae fruiting bodies grown on WS-BC dis-
played a higher content in polysaccharide than those on HS (Figure 4a). The higher
biosynthesis of polysaccharides in P. cornucopiae is strongly influenced by the chemical
composition of the substrates, and in particular, by cellulose and hemicellulose availability
as also claimed by Bekiaris, 2020 [42]. Conversely, in L. edodes grown on HS, polysaccha-
rides increased, chitin in particular, confirming the role of the substrate composition. It
is known that L. edodes grown on a wood log have a greater economic value than those
grown on WS for their better quality [81]. Our preliminary sensory data showed that the
fruiting bodies of L. edodes grown on HS have a better texture, probably due to the higher
chitin content [82], aroma, and color than those grown on WS-BC (data not shown). These
differences could be due to the high lignin content present in HS, which could provide a
fruiting body qualitatively similar to those obtained on wood logs. This result also suggests
that a high chitin and polysaccharide content in the L. edodes fruiting bodies could be an
indicator of the quality of its fruiting bodies. On the other hand, differences in the chemical
composition of the medicinal mushroom G. lucidum were found both on the glossy surface
and in the inner part of the fruiting bodies grown on WS-BC and HS. It is confirmed that
the HS substrate led to the enhancement of polysaccharides with respect to those grown on
WS-BC. Polysaccharides are the most biologically active substances in G. lucidum endowed
with antitumor, antiviral, antioxidant, and immunomodulatory activities and for medicinal
uses of Ganoderma spp. the Chinese Pharmacopoeia has established a minimum content of
polysaccharides in the dry fruiting body [35].

5. Conclusions

The high demand for hazelnuts and their consequent use in the food industry leads to
an accumulation of woody biomass consisting of HS. The valorization of HS as a substrate
for mushroom cultivation is an environmentally friendly alternative to the conventional
utilization of such agricultural waste by-products.

The results obtained in this study support the economic applicability of HS as a sub-
strate or supplement for mushroom cultivation according to circular economy criteria and
in order to obtain high-quality food. The high lignin content of HS makes it an appropriate
substrate for mushroom cultivation, resulting in greater optimization of this agricultural
waste by-product and, consequently, more profit for mushroom farms. In addition, at
the end of the fungal growth cycle, the spent mushroom substrate after lignocellulosic
degradation may also be used to improve soil fertility by supplying beneficial nutrients
for crops.
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14. Şencan, A.; Karaboyacı, M.; Kılıç, M. Determination of lead(II) sorption capacity of hazelnut shell and activated carbon obtained

from hazelnut shell activated with ZnCl2. Environ. Sci. Pollut. Res. 2015, 22, 3238–3248. [CrossRef] [PubMed]
15. Cimino, G.; Passerini, A.; Toscano, G. Removal of toxic cations and Cr(VI) from aqueous solution by hazelnut shell. Water Res.

2000, 34, 2955–2962. [CrossRef]
16. Kazemipour, M.; Ansari, M.; Tajrobehkar, S.; Majdzadeh, M.; Kermani, H.R. Removal of lead, cadmium, zinc, and copper from

industrial wastewater by carbon developed from walnut, hazelnut, almond, pistachio shell, and apricot stone. J. Hazard. Mater.
2008, 150, 322–327. [CrossRef]

17. Kobya, M.; Demirbas, E.; Öncel, M.S.; Sencan, S. Adsorption kinetic models applied to nickel ions on hazelnut shell activated
carbons. Adsorpt. Sci. Technol. 2002, 20, 179–188. [CrossRef]

18. Demirbas, E.; Dizge, N.; Sulak, M.T.; Kobya, M. Adsorption kinetics and equilibrium of copper from aqueous solutions using
hazelnut shell activated carbon. Chem. Eng. J. 2009, 148, 480–487. [CrossRef]

19. Sert, S.; Çelik, A.; Tirtom, V.N. Removal of arsenic(III) ions from aqueous solutions by modified hazelnut shell. Desalin. Water
Treat. 2017, 75, 115–123. [CrossRef]

20. Pehlivan, E.; Altun, T.; Cetin, S.; Iqbal Bhanger, M. Lead sorption by waste biomass of hazelnut and almond shell. J. Hazard. Mater.
2009, 167, 1203–1208. [CrossRef]
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