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Abstract: The new perspective of using waste biomass to cultivate mushrooms as a source of protein
for human nutrition, in line with the circular economy principles, is receiving increasing attention
in the scientific community and represents great wealth in terms of environmental sustainability.
Pleurotus eryngii is a mushroom also known as cardunculus mushroom due to its ability to grow on this
plant. This study explores the potential intrinsic properties of cardunculus (for example, the presence
of inulin in the roots) as raw material for the growth of cardunculus mushrooms, and the influence
on heteroglycan content and nutrition parameters of the fruiting bodies. Both mycelium and fruiting
bodies were used to determine the heteroglycan content in the presence of inulin or cardunculus
roots rich in inulin. To produce heteroglycans from P. eryngii in greater quantities and shorter times
without having to wait for the formation of the fruiting bodies, the mycelium could be used. The
results showed that the presence of cardunculus biomass positively influences the heteroglycan
content of P. eryngii. In terms of nutritional parameters, higher contents of polyphenols, flavonoids,
anthocyanins, and antioxidant activity were detected in P. eryngii grown on the cardunculus stem and
root substrate. In conclusion, recycling cardunculus biomass to generate growth blocks for edible
mushrooms is a winning choice due to the opportunity to use this biomass waste, which is gaining
more and more attention due to the increase in cultivated areas and the use of fruiting bodies of
P. eryngii as a functional food and source of molecules with potential biological activities.

Keywords: cardunculus; Cynara cardunculus; P. eryngii; circular economy; functional food; heteroglycan

1. Introduction

Mushrooms are organisms consumed as food all over the world and are appreciated
for their organoleptic, health qualities for human dietary needs, and source of proteins.
Among them, many species are commercially available as supplements; moreover, the
metabolites obtained from the mycelia and fruiting bodies of some fungal species have
multiple pharmacological activities [1].

Among the crops to be used for this purpose, Cynara cardunculus L. var. altilis (cardun-
culus) may play a prominent role since it is well known for multiple uses including energy
and biofuels, cellulosic pulps, phytochemicals, and food and feed [2].

The cultivation in Italy of cardunculus represents a rich opportunity since it is possible
to obtain various bioproducts (bioplastic, biopesticides, biocosmetics, bioenergy, etc.) [3]
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and use the biomass (stems and roots with high inulin content) for edible mushroom
cultivation. Growing mushrooms from cardunculus waste, such as stem and root biomass
after the harvesting of flower heads, to use seeds for the production of several byproducts
drives down costs of transporting biomass (mostly originating from abroad) and makes the
implementation of a circular economy feasible [4]. Two of the most important byproducts
currently used in Italian agriculture are bioplastic for organic mulch and pelargonic acid
as weed and/or sucker control. Cardunculus roots are well known in the literature as
a source of inulin (>40%) [5,6], and in southern Italy, the wild Pleurotus eryngii (DC.)
Quél. is commonly associated with cardunculus (cardo in the Italian language), hence
its Italian common name is “cardoncello” [7]. In Italy, molasses that contains sucrose is
the carbon source to grow P. eryngii. Molasses is usually imported from other countries.
Pleurotus eryngii has a high affinity to inulin, which may allow us to replace molasses with
cardunculus roots.

Cultivable mushrooms are grown successfully on different substrates such as cereal
meals, brans, straw, sugar beet, etc., but their yield and chemical characteristics are strongly
influenced by the composition of waste biomass [8].

The possibility to grow on various agro-residues offers an interesting prospect for
converting different types of wastes [9] and/or lignocellulose residues into high-quality
proteins, characterized by a complete amino acid and vitamin composition [10]. In fact, the
basidiomycetes fungi belonging to the genus Pleurotus have an elevated protein content
with a valuable essential amino acid scoring pattern and are characterized by a unique
dietary fiber profile (mainly comprised of branched β-glucan), high levels of some B group
vitamins, vitamin D, Fe, Zn, Cu, Se, and some bioactive compounds. Therefore, their
sodium and fat contents are low, and they are also known to possess very important and
advantageous medicinal properties such as anti-cancer, anti-microbial, anti-diabetic, anti-
hypercholesterolemic, and immunomodulating activities, pulmonary cytoprotective effects,
and even implications for coronavirus disease (COVID-19) immunotherapies [11–20]. Due
to these features, the genus Pleurotus could make an important contribution to sustainable
functional food design. Furthermore, P. eryngii is reported as the species, in the genus
Pleurotus, with the highest glucan content, which could be used as a nutrient source of
high glucan production for the modern food industry [21].

Glucans (C6H12O5) are polysaccharides consisting of glucose monosaccharides linked
by α, β, or mixed α-β glycosidic bonds; they are structural components of the cell walls of
the fungal mycelium and are known for their immune-modulating activity [17].

In a previous study, heteroglycans (HGlyc) were extracted in large amounts from the
mycelium of Ganoderma lucidum (Curtis) P. Karst. avoiding the need to obtain fruit bodies,
which take longer to grow [15]. In the present work, both the production of the mycelium
and fruiting bodies were evaluated to verify in which conditions the heteroglycan content
was higher.

Pleurotus eryngii is one of the most important cultivated mushroom species with a high
ability to colonize lignin and a high affinity for cardunculus plants.

The cardunculus biomass is rich in biotin and thiamin, two vitamins recommended by
Chang et al. [22] to be incorporated into the substrate to enhance fruit bodies. In addition,
cardunculus contains a high quantity of inulin since it belongs to a species of the Asteraceae
family with an interesting chemical composition, as well as in terms of the C/N ratio [23].
For these reasons, cardunculus biomass is strictly advised to be used for the cultivation of
P. eryngii mycelia and fruit bodies.

The objectives of the present study were:

(i) To evaluate the use of cardunculus biomass on P. eryngii fruiting bodies yield.
(ii) To evaluate the possibility to use P. eryngii mycelium, cultivated on media rich in

inulin from cardunculus roots, as a source to produce functional heteroglycans.
(iii) To evaluate the influence of cardunculus biomass on heteroglycan content in fruit

bodies of P. eryngii.
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(iv) To assess the nutraceutical parameters of fruiting bodies grown on cardunculus
biomass.

2. Materials and Methods
2.1. Fungal Isolates

Five isolates of P. eryngii (Pe1Ce ÷ Pe5Ce) were collected from five industrial cul-
tivations of P. eryngii in the Potenza province, Basilicata region, in Southern Italy, and
molecular characterization by Internal Transcribed Spacer (ITS) sequencing was carried out
to ensure that isolates belonged to the P. eryngii species. The universal primers used for
fungal amplification were ITS1 (5′TCC GTA GGT GAA CCT GCG G 3′) and ITS4 (5′TCC
TCC GCT TAT TGA TAT GC 3) [24]. The amplification reaction mixture consisted of DNA
(15 ng), ddH2O, 10X Dream Taq Buffer, 1 mM MgCl2, 0.2 mM each dNTP, 0.6 mM primer,
and 1 U Dream Taq DNA polymerase (Thermo Fisher Scientific, Monza, Italy). The PCR
was carried out as follows: Initial denaturation at 95 ◦C for 5 min, followed by 35 cycles of
denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 1 min, extension at 72 ◦C for 1 min, and
final extension at 72 ◦C for 6 min. Each amplified product was separated in a 2% agarose
gel in 1× Tris-borate-EDTA buffer and visualized using SYBR® Safe with blue-light. PCR
products were purified and sequenced by BMR Genomics Srl (Padova, Italy). The resulting
sequences were trimmed and then subjected to BLASTn analysis.

2.2. Spawn-Production

Millet seeds were used for spawn stock used for all the experiments. Three kilograms
of millet for each isolate were weighed and washed with tap water and soaked in water
plus 10 g L−1 of Czapek dox broth (Oxoid) for 24 h at 4 ◦C. Furthermore, 500 g of mil-
let seeds was packed in autoclavable bags and sterilized in an autoclave at 121 ◦C for
90 min. Bags containing the sterile substrate were cooled and inoculated aseptically by
transferring 10 plugs, 1 cm in diameter, of 10-day-old fungal cultures and then incubating
them in a chamber at 22 ◦C until the millet was completely colonized by mycelia (approxi-
mately 20 days). These preparations were stored at 4◦ C and used for all the experiments
performed.

2.3. Assessment of the Ability of P. eryngii to Grow on Cardunculus Roots and Stems

To assess the ability of the five P. eryngii isolates to grow on cardunculus roots or
stems, three media (wheat straw from cv. Marco Aurelio: WS, Cardunculus roots: TR,
Cardunculus stems: TS) were prepared with 2% water agar and amended with 3 g L−1

CaCO3. The WS medium contains 20 g L−1 of wheat straw with a carbon–nitrogen (C/N)
ratio of 59, plus 0.1% NH4Cl so nitrogen was not a limiting factor for Pleurotus growth.
Medium TR and TS had a C/N of 31 and 25, respectively. The materials (wheat straw,
cardunculus roots, or stems) rehydrated to 60–65% of humidity were homogenized to
obtain a uniform size and distribution of particles inside the media. Neither vitamins nor
carbohydrates were added. The media had a pH of 6.5–6.8. For each of the five isolates,
four Petri dishes were inoculated in the middle with two millet seeds taken from spawn
stocks described in 2.2. The radial growth was measured 5–9–12 days after the inoculation
of Petri dishes, and the last assessment was made when at least one isolate reached the
edge of Petri dishes in one of the three media. The experiment was performed twice. At
the end of the experiments, the isolates with the best performance on cardunculus were
chosen for further experiments.

2.4. Mycelial Growth

To assess the best carbon source to increase the biomass production of P. eryngii
mycelium, seven different concentrations of inulin and/or sucrose as the carbon source
were compared (Table 1). The media were prepared using Czapek salts; two-liter flasks
for each of the seven combinations of inulin/sucrose were inoculated in triplicate with
5 mm diameter plugs of 7-day-old fungal colonies of the Pe1Ce isolate because, as stated in
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Section 2.3, these had the best growth results on cardunculus substrates. Flasks were then
incubated in a chamber at 22 ± 1 ◦C in the dark. After 14 days, the mycelium was collected
and weighed. Then the samples were dried to calculate the Dry Weight (DW). The results
were the means of the three experiments with four replicates.

Table 1. Grams of inulin and sucrose in the media.

Media Sucrose
(g L−1)

Inulin
(g L−1)

1 30 0
2 27 3
3 21 9
4 15 15
5 9 21
6 3 27
7 0 30

2.5. Evaluation of Fruiting Bodies Production Caractheristics on Different Subtrates

To assess the fruiting bodies yield and the heteroglycans content, the following four
different substrates were prepared: TSI: 600 g of cardunculus stems rehydrated at 65–70%
using water amended with 30 g of inulin and 20 g of CaCO3; TSS: 600 g of cardunculus
stems rehydrated with water amended with 30 g of sucrose and 20 g of CaCO3; TSR: 400 g
of cardunculus stems plus 200 g of cardunculus roots rehydrated with water amended only
with 20 g of CaCO3; and as a control, (industrial standard) WSM: 600 g of wheat straw plus
30 g of molasses rehydrated with water containing 20 g of CaCO3 and 0.05% NH4Cl. The
substrates were put in an autoclavable Sun bag with a pore size of 0.02 µm (Merck®) with a
working volume of 600 grams.

After 24 h of soaking, the excess water was removed from 600 g of the soaked substrate
by decanting. The substrates were weighed again, and the moisture content was determined.
The final moisture content was measured by drying the substrate at 105 ◦C, and the process
ended when the weight was constant after two consecutive days.

The water content was calculated by the equation:

Humidity % = (Fresh Weight − Dry Weight)/Fresh Weight × 100 (1)

All four substrates had a moisture content ranging from 72% to 78%. The substrates
were autoclaved for 60 min at 121 ◦C in plastic bags. Then 50 g of colonized millet with the
selected isolate P. eryngii Pe1Ce was used to inoculate each bag. Inoculated bags (four for
each substrate) were then incubated at 23 ◦C in the dark for the days needed to complete
the colonization for each substrate. After colonization, the bags were opened on top of the
Sun bag. The culture room was provided with light from fluorescent bulbs with an intensity
of 400 lux for 8 h of light and 16 h of dark [25]. The culture was constantly wet to maintain
the required relative humidity (75–90%). Cultures were irrigated by spraying water once or
twice a day. After the time needed to completely colonize bags and differentiate fruiting
bodies, the number and yield of fruiting bodies were assessed. The following production
parameters were measured: Mycelial Colonization (MC), Primordia Appearance (PA), and
Fruiting Bodies Formation (FBF) expressed in days. To determine the weight of fruiting
bodies expressed in grams, P. eryngii fruit bodies were harvested when the mushroom caps
began to flatten out by cutting the stem at the substrate level. The Biological Efficiency (BE)
index was calculated as reported by Familoni et al. [26]. The assay was repeated three times.

2.6. Heteroglycans Determination in Mycelium and Fruiting Bodies

Heteroglycan extraction was carried out following the protocol illustrated by Carrieri
et al. [15]. The heteroglycan concentration was determined using the Congo red colorimetric
method according to Nitschke et al. [27]. The calibration curve and its equation (Figure 1)
were determined using the molecules obtained in our previous study [13]. Absorbance was
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calculated as differences between Congo red plus heteroglycan at different concentrations
and Congo red alone. The concentrations reported are the means of two independent
experiments with three technical replicates.
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The content of heteroglycans obtained from mycelium and fruiting bodies of P. eryngii
was compared with that obtained from mycelium of G. lucidum reared as reported in
Carrieri et al. [15].

2.7. Bioactive Compounds, Antioxidant Activity, and Enzymatic Assays

Extraction was performed following the procedure described by Kaur et al. [28] on
fruiting bodies of P. eryngii grown on TSR compared with WSM. The total phenolic content
was determined according to Folin–Ciocalteu’s method [29]. The results were expressed as
mg of gallic acid equivalent (GAE) per 100 g of dry weight (GAE 1g DW). The total flavonoid
content was determined with the aluminum chloride colorimetric method according to
Goffi et al. [30]; the resulting data were expressed as mg of catechin equivalent (CE). The
total monomeric anthocyanins content was estimated with the pH-differential method
reported by Adiletta et al. [31] and the results were expressed as the cyanidin-3-glucoside
equivalent (C3G). The antioxidant activity was measured using the 1,1-diphenyl-2-picryl-
hydrazil (DPPH) method described by Magri et al. [32], with some modifications. The assay
mixture consisted of 75 µL of the extract and 1425 µL of the solution of DPPH dissolved in
methanol. After 10 minutes of dark incubation, the decrease in absorbance at 515 nm was
recorded and expressed as µmol Trolox equivalent (TE) g−1 of DW.

Polyphenol oxidase (PPO) (EC.1.10.3.1) activity was determined according to Carac-
ciolo et al. [33]. The crude enzyme extract was obtained using 0.1 g of mushroom tissue
homogenized in 5 mL of 0.2 M sodium phosphate buffer pH 6.5 with 0.125 g PVPP. The
extract (10 µL) was incubated with a solution of 0.5 M catechol in 0.1 M sodium phosphate
buffer at pH 6.4 in a final volume of 1.5 mL, and PPO activity was registered at 398 nm and
expressed as nmol g−1 DW.

Lipoxygenase (LOX) (EC 1.13.11.12) activity was detected following the method de-
scribed by Adiletta et al. [34], with slight modifications. The extract was obtained by
homogenizing mushroom tissue powder (100 mg) with 3 mL of 50 mM potassium phos-
phate buffer pH 7.8 with 1 mM sodium-EDTA pH 7 and 2% (w/w) PVPP. The assay mixture
consisted of 0.1 M sodium phosphate buffer pH 6, linoleic acid sodium salt 5 mM, and
50 µL of a crude enzyme extract in a final volume of 1.5 mL. LOX activity was registered
at 234 nm, observing the formation of hydroperoxides, and the results were expressed in
nmol g−1 DW. Total soluble protein content was determined by the Bradford assay [35].
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2.8. Statistical Analysis

Each value represents the mean ± Standard Error (SE) from three independent exper-
iments carried out in triplicate. The test for the homogeneity of variance was applied to
evaluate whether the data could be combined as one experiment. Statistics were performed
using GraphPad InStat version 3.00 for Windows (GraphPad Software, San Diego, CA,
USA, www.graphpad.com), and differences between treatments were considered signifi-
cant at p ≤ 0.05. The data obtained were subjected to an analysis of variance (ANOVA) for
quantitative variables, and means were separated using Tukey’s test.

3. Results
3.1. Assessment of P. eryngii Isolate’s Ability to Colonize Cardunculus Roots and Stems

The present work was carried out using a single isolate of P. eryngii, selected on the
basis of the colonization capacity of the substrates containing cardunculus biomass (WS,
TR, TS) (cfr. par. 2.3). The initial results pointed out that three isolates (Pe2Ce, Pe4Ce, and
Pe5Ce) (Table 2) showed a lower growth rate on all three media, indicating they are not
suitable to obtain fast growth. The isolates Pe1Ce and Pe3Ce grew faster on the media
WR, TS, and TR. Moreover, Pe1Ce had significantly faster growth than Pe3Ce on both TR
and TS media. Based on these results, Pe1Ce was chosen to perform all of the following
experiments.

Table 2. Speed growth expressed in mm day−1 of the isolates Pe1Ce to Pe5Ce grown on the media.

Substrates 1 Isolates
Mean

Pe1Ce Pe2CE Pe3Ce Pe4CE Pe5Ce

WS 0.6 0.4 0.5 0.4 0.4 0.48
TR 0.7 0.5 0.6 0.5 0.5 0.58
TS 0.8 0.5 0.7 0.5 0.6 0.62

Mean 0.68 0.48 0.62 0.49 0.52

Statistical analysis 2

ANOVA LSD 0.09

Isolate ** 0.062

Substrate ** 0.075

Isolate × Substrate ** 0.087
1 (WS) Wheat straw having C/N of 59 and 0.1% NH4Cl; (TR) Cardunculus roots having a C/N of 31; (TS)
Cardunculus stems having a C/N of 25. 2 The data represent the mean values of three experiments with four
technical replicates. The variances between the three experiments were not significant. Parameters with ** are
statistically different at p ≤ 0.05.

3.2. Fungal Isolate

Through the alignment of the sequences, it was confirmed that all five isolates belonged
to the P. eryngii complex according to De Gioia et al. [36]. After the assessment of the
isolates’ affinity to the cardunculus biomass, the sequence of the chosen fungal isolate
(Pe1Ce) demonstrated that our isolates belonged to P. eyngii specie. The sequence was
deposited in GenBank with the accession number OM541308.

3.3. Effects on Mycelial Production by the Addition of Inulin and Sucrose In Vitro

In order to identify the best ratio between inulin and sucrose in the substrates for the
growth of P. eryngii (Pe1Ce), seven combinations were tested. The experiment showed that
the addition of inulin and sucrose in vitro affected the development of the mycelium; high
inulin concentrations significantly improved the DWs of P. eryngii mycelium (Table 3).

www.graphpad.com
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Table 3. Mycelial yield in liquid media by adding different concentrations of sucrose and inulin.

Media
Carbon Source

DW 1 after 12 Days of Growth
(g)Sucrose Inulin

(g L−1) (g L−1)

1 30 0 10.1 ± 1.72 b
2 27 3 8.9 ± 1.12 b
3 21 9 9.1 ± 1.24 b
4 15 15 10.3 ± 1.45 b
5 9 21 9.2 ± 1.47 b
6 3 27 16.1 ± 1.87 a
7 0 30 15.9 ± 2.11 a

1 DW = Dry Weight and the data represent the mean values of three experiments with three technical replicates.
Data indicate mean ± SE. Means with the same letter are not significantly different according to Tukey’s test at
p ≤ 0.05.

3.4. Fruiting Bodies Yield and Heteroglycans Content on Different Substrates

Different substrates affected the mycelial growth, TSR and TSS completed the mycelial
colonization in 15.6 days, while TSI and WSM took 17.4 and 19.2 days, respectively (Table 4).
Regarding the development of the primordia, P. eryngii requires 22 days to obtain the
complete first primordium of fruiting bodies in the TSI substrate, while on the substrates
without inulin, it takes a minimum of 26 days. The formation of the fruiting bodies and the
yield are influenced by the growth substrate as reported in Table 4. The formation of the
fruiting bodies is faster on TSR (5 days vs. 7 and 8 days) compared to other substrates. The
yield is positively influenced by the presence in the substrate of cardunculus root since the
mean weight of fresh mushrooms was the highest in TSR (371 g) compared to the other
substrates. The biological efficacy index (BE) confirms TSR as the substrate with the highest
BE rate (61.9 %) among all the tested substrates.

Table 4. Influence of different substrates containing cardunculus residues on fruiting bodies yield
and production parameters.

Substrate 1 MC 2

(days)
PA 3

(days)
FBF 4

(days)
MW 5

(g)
BE 6

(%)

TSI 17.4 ± 0.82 b 22.8 ± 1.12 c 7.0 ± 0.6 a 305.7 ± 12.5 b 50.9 ± 5.7 bc
TSS 15.6 ± 0.67 c 26.5 ± 0.98 b 7.0 ± 0.5 a 310.5 ± 9.4 b 51.7 ± 7.9 b
TSR 15.6 ± 0.82 c 26.0 ± 0.89 b 5.0 ± 0.4 b 371.7 ± 11.2 a 61.9 ± 4.7 a

WSM 19.2 ± 1.02 a 29.3 ± 1.21 a 8.0 ± 0.6 a 280.6 ± 9.8 c 46.7 ± 4.8 c
1 Substrate: TSI: 600 g of cardunculus stems rehydrated at 65–70%, added with 30 g of inulin and CaCO3; TSS:
600 g of cardunculus stems rehydrated and amended with 30 g of sucrose and CaCO3; TSR: 400 g of cardunculus
stems plus 200 g of cardunculus roots amended with CaCO3; WSM: 600 g of wheat straw plus 30 g of molasses,
CaCO3, and NH4Cl. 2 Mycelial Colonization: Days necessary to the fungus to colonize the entire Petri dish
(Ø = 90 mm) 3 Primordia Appearance: Days from the inoculation of the agar plug until the development of the
fruiting bodies primordia. 4 Fruiting Bodies Formation: Required days to observe the complete development
of fruiting bodies after the primordial appearance. 5 Mean Weight of fruiting bodies. 6 Biological Efficiency of
substrate. The data represent the mean values of three experiments with three technical replicates. Means with
the same letter are not significantly different according to Tukey’s test at p ≤ 0.05.

3.5. Heteroglycans Content in Fruiting Bodies and Mycelium of P. eryngii

As reported in Figure 2, the presence of inulin in mycelium growth and cardunculus
biomass in the obtained fruiting bodies affects the content of heteroglycans in P. eryngii. In
this study, we observed that in the mycelium of P. eryngii, the quantity of heteroglycans is
higher (1706.3 µg g−1) when inulin is added to the substrate (739.7 µg g−1) compared to
the sucrose alone. In particular, the content of heteroglycans is also higher if compared to
G. lucidum (468.2 µg g−1) [15].
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Figure 2. Heteroglycan content in fruiting bodies grown on wheat straw molasses (WSM) and
cardunculus stems and cardunculus roots (TSR), and mycelium of P. eryngii and G. lucidum. The data
represent the mean values of three experiments with three technical replicates. Different letters above
the bars indicate significantly different according to Tukey’s test at p ≤ 0.05.

The fruiting bodies of P. eryngii cultivated on the TSR substrate showed higher het-
eroglycan content (1037.8 µg g−1) compared to the control substrate WSM (833.4 µg g−1),
likely due to the absence of cardunculus.

3.6. Evaluation of Different Bioactive Compounds and Antioxidant Activity and Enzymes Involved
in Browning Reaction and Membrane Damage

Bioactive compound content and the antioxidant activity of fungi samples are shown
in Figure 3.
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(D) in P. eryngii obtained by two different substrates (WSM and TSR). The data represent the mean
values of three experiments with three technical replicates. Means with the same letter are not
significantly different according to Tukey’s test at p ≤ 0.05.
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In this study, WSM samples showed the lowest value of polyphenols and flavonoids
compared to TSR (Figure 3A,B). The anthocyanins content in the TSR sample amounted to
22.6 ± 1.30 mg C3G 100 g−1 DW compared to 9.59 ± 0.89 mg C3G 100 g−1 DW of WSM
one (Figure 3C). Significant differences were also highlighted in antioxidant activity with
the highest value in TSR (21.35 ± 1.43 µmol TE g−1 DW) compared with the WSM sample
(18.11 ± 0.36 µmol TE g−1 DW) (Figure 3D). The results of enzyme activities related to the
browning reaction and oxidative damage in the two fungi samples are shown in Figure 4
In the present study, the polyphenoloxidase activity of WSM samples resulted in 2-fold
lower values than TSR samples (Figure 4A). The same trend was recorded for lipoxygenase.
In particular, the lipoxygenase activity in the WSM sample was 0.07 ± 0.01 nmol g−1 DW,
compared to 0.24 ± 0.06 nmol g−1 DW in the TSR samples (Figure 4B).
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4. Discussion

Pleurotus eryngii belongs to the genus Pleurotus in the family of Pleurotaceae [37]. It has
been attracting more and more attention recently due to its nutritional properties and the
possibility of growth on alternative substrates. The cardunculus, known as C. cardunculus,
is a very versatile plant with various applications [38]. In the Mediterranean region,
cardunculus is used for human nutrition, as a quality vegetable, and for the coagulation
of milk as a substitute for rennet. Furthermore, the use of its aerial biomass for energy
purposes has been receiving increasing interest due to its characteristics such as adaptation
to Mediterranean climates and high potential yields. The biomass of the cardunculus can
also be exploited as a solid biofuel or to produce paper pulp and oilseeds, useful in the
production of edible oil or biodiesel [38]. Innovative use of cardunculus relates to its waste
biomass as a substrate for the cultivation of edible mushrooms. This latter is a key factor
for the conversion of low-value waste into a higher-value commodity as an alternative
food source for humans (proteins and functional molecules). Exploiting this feature and
from the perspective of a circular economy of reuse of residual biomass from agriculture,
in the present study, we evaluated the affinity, growth rate, and nutritional properties of
P. eryngii, cultivated by making use of cardunculus biomass as a growth substrate. Since De
Gioia et al. [36] described that the gene pool of Pleurotus is very variable in morphological
and molecular traits and that variation within groups is larger than between groups, with
the genetic diversity detected within groups likely due to an efficient gene flow and high
genetic compatibility, we aimed to evaluate the growth rate of our P. eryngii isolates. The
first step of our work was, indeed, the selection of P. eryngii isolates on the basis of their
ability to grow on substrates containing roots and stem of cardunculus in comparison to
the growth on the common substrate containing straw and molasses (cfr. par. 3.1). The
results of in vitro biomass production tests showed the isolate Pe1Ce as the best P. eryngii
isolate to carry out further experiments.



Foods 2023, 12, 58 10 of 13

Recently, the idea to develop functional foods or drugs containing functional fungal
polysaccharides has been gaining great attention [39]. It is known that the use of inulin
and sucrose as carbon sources allows the faster growth of fungi [5,6,40]. Our results
demonstrated that inulin is a suitable carbon source to replace the use of molasses. Our
results confirmed previous data reported in the literature; in particular, the substrates with
high inulin concentration (media 6 and 7) allowed us to obtain a larger amount of fungal
mycelium. This study has highlighted that higher heteroglycan production in the mycelium
and fruiting bodies can be obtained using a medium with inulin.

In our work, we used the mycelium of G. lucidum as a term of comparison since this
microorganism is widely used on an industrial scale for the production of beta glucan
supplements [40]. This fungus has potent pharmacological properties due to its hetero-
glycan content [13,35,36]. In Carrieri et al. [15], the possibility of growing G. lucidum in a
bioreactor to produce mycelium and extract water-soluble heteroglycans and heteroglycans
was successfully verified. In the present work, the heteroglycan content obtained from
G. lucidum mycelium is considerably lower when compared to P. eryngii. Our results also
indicate that P. eryngii mycelium is an excellent producer of heteroglycans, producing them
rapidly and in large amounts.

In recent years, the residual biomass of cardunculus increased its availability in the
environments of southern Italy; therefore, we used this biomass in our work to cultivate
P. eryngii to obtain fruiting bodies as a functional food. Cardunculus crop residues are
also a natural source of inulin in roots [41], hence we chose, in line with the principles
of the circular economy, to use stems and roots as a lignin-cellulose source and an inulin
source, respectively, for the growth of the basidiomycota P. eryngii. Avni et al. [21] reported
P. eryngii as the Pleurotus species with the highest glucan content that could be used as a
nutrient source of high glucan production.

This is the first report of P. eryngii cultivated on cardunculus residues; in the literature,
Pleurotus spp. were cultivated by using several types of waste such as coffee, sawdust, and
sugarcane bagasse [42], on a rice straw substrate, and in banana straw, as reported in [43].
In Tarko et al. [42], P. eryngii, grown on coffee waste, showed a mean weight of fruiting
bodies of 318 g, while in this work, the best growth substrate (TSR) allowed us to reach
371.7 g.

The fruiting body of P. eryngii is a commercial product as it is and, therefore, represents
the main goal of this work. Fruiting bodies showed high organoleptic and nutritional
properties when P. eryngii was grown on cardunculus residues (TSR). In particular, fruiting
bodies displayed high bioactive compounds and antioxidant activity and enzymatic activi-
ties and a greater amount of heteroglycan compared to WSM. Fungi have many nutritional
and nutraceutical properties, in addition to antimicrobial, antioxidant, antitumor, and anti-
inflammatory activities [44]. Mushrooms’ chemical composition is variable in relation to
the isolates, species, growing methods, environmental conditions, mother cultures, harvest
time, and storage conditions [11]. The substrate nature and chemical composition signif-
icantly influence the accumulation of bioactive compounds and antioxidant properties
in the fruiting bodies of P. eryngii [45,46]. Cotton waste resulted in the highest amount
(230.45 mg GAEs kg−1 of DW) of TPC, while the lowest amount (137.08 mg GAEs kg−1

of DW) was detected from mushroom fruiting bodies grown on sawdust [45]. However,
these values were lower compared to our results. High TPC values might be due to the
maximum supply of nutrients from the substrate, which improves the non-enzymatic an-
tioxidant system involved in the removal of free radicals and the activation of antioxidant
enzymes [47]. Isam et al. [48] reported a TPC for P. citrinopileatus and P. eryngii of 2.72 and
3.61 mgGAE g−1, respectively. Gąsecka [49] reported a TPC of 7.91 ± 1.02 mg of chloro-
genic acid per g DW and flavonoid content equal to 1.26 ± 0.17 mg of rutin equivalents per
g of DW. Furthermore, in another study, the flavonoid content reported was 0.9 ± 0.1 mg of
quercetin 100 g−1 FW, and DPPH activity reached values of 40.6± 0.3% [50]. The content of
phenolic compounds is an important indicator of antioxidant capacity, with a close relation-
ship between two these variables. P. eryngii displayed higher antioxidant activity in terms
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of radical scavenging activity on the DPPH free radical compared to other oyster mush-
rooms [51]. Mushroom pigments, produced by the polymerization of phenolic compounds,
are synthesized by two biosynthetic pathways, namely, the acetate–malonate pathway
and the shikimic acid pathway. The anthocyanin responsible for the brown-colored skin
of fungi was principally melanin [52]. PPO is a key enzyme that participates in tissue
browning [53]. In this study, a lower PPO activity highlights a reduction of tissue browning.
In recent years, several strategies have been tested to inhibit PPO activity in postharvest
P. eryngii [53,54]. Furthermore, a low LOX activity suggests reduced lipid oxidation on cell
membranes after harvesting [55].

The nutritional parameters evaluated indicate that the choice of growth substrate
is suitable for obtaining fruiting bodies with a high nutraceutical and functional value.
The novelty of this study is represented by the use of a crop residue with a biochemical
composition of the biomass that covers all the nutritional needs of P. eryngii, in addition to
the presence of a high content of inulin in cardunculus roots.

Using TSR, we obtained an increment of heteroglycan content of 20.3% compared with
the traditional growing substrate WSM.

All reported results indicate that cardunculus biomass residue is an excellent choice
as a growing medium for edible P. eryngii mushrooms. The fruiting body of P. eryngii
represents a potential functional food that can be used as a component of a rich and varied
diet. Further investigations on the biochemical role of inulin in the growth of P. eryngii, the
selection of new, more productive strains of cardunculus, and the large-scale development
of a bioreactor for mycelium production will be needed.

Author Contributions: All authors contributed equally. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by “Native Mediterranean crops and their enhancement with
advanced green chemistry technologies”—acronym COMETA. Ministry of Education, University
and Research ARS01_00606.

Data Availability Statement: The data used to support the findings of this study can be made
available by the corresponding author upon request.

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

References
1. Takahashi, J.A.; Barbosa, B.V.R.; Martins, B.d.A.; Guirlanda, C.P.; Moura, M.A.F. Use of the Versatility of Fungal Metabolism to

Meet Modern Demands for Healthy Aging, Functional Foods, and Sustainability. J. Fungi 2020, 6, 223. [CrossRef] [PubMed]
2. Gominho, J.; Curt, M.D.; Lourenco, A.; Fernández, J.; Pereira, H. Cynara cardunculus L. as a biomass and multi-purpose crop: A

review of 30 years of research. Biomass Bioenergy 2018, 109, 257–275. [CrossRef]
3. Ciancolini, A.; Alignan, M.; Pagnotta, M.A.; Vilarem, G.; Crinò, P. Selection of Italian cardoon genotypes as industrial crop for

biomass and polyphenol production. Ind. Crops Prod. 2013, 51, 145–151. [CrossRef]
4. Carrasco, J.; Zied, D.C.; Pardo, J.E.; Preston, G.M.; Pardo-Giménez, A. Supplementation in mushroom crops and its impact on

yield and quality. AMB Express 2018, 8, 146. [CrossRef]
5. Pari, L.; Alfano, V.; Stefanoni, W.; Latterini, F.; Liuzzi, F.; De Bari, I.; Valerio, V.; Ciancolini, A. Inulin Content in Chipped and

Whole Roots of Cardoon after Six Months Storage under Natural Conditions. Sustainability 2021, 13, 3902. [CrossRef]
6. Melilli, M.; Branca, F.; Sillitti, C.; Scandurra, S.; Calderaro, P.; Di Stefano, V. Germplasm evaluation to obtain inulin with high

degree of polymerization in Mediterranean environment. Nat. Prod. Res. 2020, 34, 187–191. [CrossRef]
7. Sun, Y.; Ma, Y.; Xu, Z.; Yang, W.; Mariga, A.M.; Pang, G.; Geng, C.; Hu, Q. Immunoregulatory role of Pleurotus eryngii superfine

powder through intercellular communication of cytokines. Food Agric. Immunol. 2014, 25, 586–599. [CrossRef]
8. Mubasshira, M.; Aminuzzaman, F.M.; Sultana, N.; Tanni, F. Impact of Different Substrates and Mother Cultures on Yield and

Yield Attributes of Oyster Mushroom (Pleurotus ostreatus). Asian Food Sci. J. 2020, 19, 25–38. [CrossRef]
9. Kirbag, S.; Akyuz, M. Effect of various agro-residues on growing periods, yield and biological efficiency of Pleurotus eryngii. J.

Food Agric. Environ. 2008, 6, 402–405.
10. Panjikkaran, S.T.; Mathew, D. An environmentally friendly and cost effective technique for the commercial cultivation of oyster

mushroom [Pleurotus florida (Mont.) Singer]. J. Sci. Food Agric. 2013, 93, 973–976. [CrossRef]
11. Ajith, T.A.; Janardhanan, K.K. Indian medicinal mushrooms as a source of antioxidant and antitumor agents. J. Clin. Biochem.

Nutr. 2007, 40, 157–162. [CrossRef] [PubMed]

http://doi.org/10.3390/jof6040223
http://www.ncbi.nlm.nih.gov/pubmed/33076336
http://doi.org/10.1016/j.biombioe.2018.01.001
http://doi.org/10.1016/j.indcrop.2013.08.069
http://doi.org/10.1186/s13568-018-0678-0
http://doi.org/10.3390/su13073902
http://doi.org/10.1080/14786419.2019.1613402
http://doi.org/10.1080/09540105.2013.858662
http://doi.org/10.9734/afsj/2020/v19i330241
http://doi.org/10.1002/jsfa.5827
http://doi.org/10.3164/jcbn.40.157
http://www.ncbi.nlm.nih.gov/pubmed/18398492


Foods 2023, 12, 58 12 of 13

12. Wasser, S.P. Current findings, future trends, and unsolved problems in studies of medicinal mushrooms. Appl. Microbiol. Biotechnol.
2011, 89, 1323–1332. [CrossRef] [PubMed]

13. Mariga, A.M.; Pei, F.; Yang, W.-J.; Zhao, L.-Y.; Shao, Y.-N.; Mugambi, D.K.; Hu, Q.-H. Immunopotentiation of Pleurotus eryngii
(DC. ex Fr.) Quel. J. Ethnopharmacol. 2014, 153, 604–614. [CrossRef] [PubMed]

14. Lee, D.H.; Kim, H.W. Innate immunity induced by fungal β-glucans via dectin-1 signaling pathway. Int. J. Med. Mushrooms 2014,
16, 1–16. [CrossRef] [PubMed]

15. Carrieri, R.; Manco, R.; Sapio, D.; Iannaccone, M.; Fulgione, A.; Papaianni, M.; de Falco, B.; Grauso, L.; Tarantino, P.; Ianniello, F.
Structural data and immunomodulatory properties of a water-soluble heteroglycan extracted from the mycelium of an Italian
isolate of Ganoderma lucidum. Nat. Prod. Res. 2017, 31, 2119–2125. [CrossRef]

16. Kim, Y.H.; Jung, E.-G.; Han, K.-I.; Patnaik, B.B.; Kwon, H.-J.; Lee, H.-S.; Kim, W.J.; Han, M.-D. Immunomodulatory Effects of
Extracellular β-Glucan Isolated from the King Oyster Mushroom Pleurotus eryngii (Agaricomycetes) and Its Sulfated Form on
Signaling Molecules Involved in Innate Immunity. Int. J. Med. Mushrooms 2017, 19, 521–533. [CrossRef]

17. Vetvicka, V.; Gover, O.; Karpovsky, M.; Hayby, H.; Danay, O.; Ezov, N.; Hadar, Y.; Schwartz, B. Immune-modulating activities of
glucans extracted from Pleurotus ostreatus and Pleurotus eryngii. J. Funct. Foods 2019, 54, 81–91. [CrossRef]

18. Zhang, B.; Li, Y.; Zhang, F.; Linhardt, R.J.; Zeng, G.; Zhang, A. Extraction, structure and bioactivities of the polysaccharides from
Pleurotus eryngii: A review. Int. J. Biol. Macromol. 2020, 150, 1342–1347. [CrossRef]

19. Murphy, E.J.; Masterson, C.; Rezoagli, E.; O’Toole, D.; Major, I.; Stack, G.D.; Lynch, M.; Laffey, J.G.; Rowan, N.J. β-Glucan extracts
from the same edible shiitake mushroom Lentinus edodes produce differential in-vitro immunomodulatory and pulmonary
cytoprotective effects-Implications for coronavirus disease (COVID-19) immunotherapies. Sci. Total Environ. 2020, 732, 139330.
[CrossRef]

20. Cerletti, C.; Esposito, S.; Iacoviello, L. Edible mushrooms and beta-glucans: Impact on human health. Nutrients 2021, 13, 2195.
[CrossRef]

21. Avni, S.; Ezove, N.; Hanani, H.; Yadid, I.; Karpovsky, M.; Hayby, H.; Gover, O.; Hadar, Y.; Schwartz, B.; Danay, O. Olive Mill
Waste Enhances α-Glucan Content in the Edible Mushroom Pleurotus eryngii. Int. J. Mol. Sci. 2017, 18, 1564. [CrossRef] [PubMed]

22. Chang, S.-T.; Miles, P.G. Mushrooms: Cultivation, Nutritional Value, Medicinal Effect, and Environmental Impact; CRC Press: Boca
Raton, FL, USA, 2004.

23. Zayed, A.; Serag, A.; Farag, M.A. Cynara cardunculus L.: Outgoing and potential trends of phytochemical, industrial, nutritive
and medicinal merits. J. Funct. Foods 2020, 69, 103937. [CrossRef]

24. White, T.J.; Bruns, T.D.; Lee, S.B.; Taylor, J.W. Amplification and Direct Sequencing of Fungal Ribosomal RNA Genes for Phylogenetics;
Academic Press, Inc.: Cambridge, MA, USA, 1990; pp. 315–322.

25. Ahmed, M.; Abdullah, N.; Ahmed, K.U.; Bhuyan, M.H.M. Yield and nutritional composition of oyster mushroom strains newly
introduced in Bangladesh. Pesqui. Agropecuária Bras. 2013, 48, 197–202. [CrossRef]

26. Nitschke, J.; Modick, H.; Busch, E.; von Rekowski, R.W.; Altenbach, H.-J.; Mölleken, H. A new colorimetric method to quantify
β-1,3-1,6-glucans in comparison with total β-1,3-glucans in edible mushrooms. Food Chem. 2011, 127, 791–796. [CrossRef]
[PubMed]

27. Familoni, T.V.; Ogidi, C.O.; Akinyele, B.J.; Onifade, A.K. Evaluation of yield, biological efficiency and proximate composition of
Pleurotus species cultivated on different wood dusts. Czech Mycol. 2018, 70, 33–45. [CrossRef]

28. Kaur, C.; Walia, S.; Nagal, S.; Walia, S.; Singh, J.; Singh, B.B.; Saha, S.; Singh, B.; Kalia, P.; Jaggi, S.; et al. Functional quality and
antioxidant composition of selected tomato (Solanum lycopersicon L.) cultivars grown in Northern India. LWT-Food Sci. Technol.
2013, 50, 139–145. [CrossRef]

29. Waterhouse, A.L. Determination of total phenolics. Curr. Protoc. Food Anal. Chem. 2002, 6, I1.1.1–I1.1.8.
30. Goffi, V.; Zampella, L.; Forniti, R.; Petriccione, M.; Botondi, R. Effects of ozone postharvest treatment on physicochemical and

qualitative traits of Actinidia chinensis ‘Soreli’during cold storage. J. Sci. Food Agric. 2019, 99, 5654–5661. [CrossRef]
31. Adiletta, G.; Magri, A.; Albanese, D.; Liguori, L.; Sodo, M.; Di Matteo, M.; Petriccione, M. Overall quality and oxidative damage

in packaged freshly shelled walnut kernels during cold storage. J. Food Meas. Charact. 2020, 14, 3483–3492. [CrossRef]
32. Magri, A.; Adiletta, G.; Petriccione, M. Evaluation of Antioxidant Systems and Ascorbate-Glutathione Cycle in Feijoa Edible

Flowers at Different Flowering Stages. Foods 2020, 9, 95. [CrossRef]
33. Caracciolo, G.; Magri, A.; Petriccione, M.; Maltoni, M.L.; Baruzzi, G. Influence of cold storage on pear physico-chemical traits and

antioxidant systems in relation to superficial scald development. Foods 2020, 9, 1175. [CrossRef] [PubMed]
34. Adiletta, G.; Di Matteo, M.; Albanese, D.; Farina, V.; Cinquanta, L.; Corona, O.; Magri, A.; Petriccione, M. Changes in physico-

chemical traits and enzymes oxidative system during cold storage of ‘Formosa’papaya fresh cut fruits grown in the mediterranean
area (Sicily). Ital. J. Food Sci. 2020, 32.

35. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef] [PubMed]

36. De Gioia, T.; Sisto, D.; Rana, G.L.; Figliuolo, G. Genetic structure of the Pleurotus eryngii species-complex. Mycol. Res. 2005, 109,
71–80. [CrossRef] [PubMed]

37. Yao, Z.; Lan, J. Advances in the research of Pleurotus eryngi. Shi Yong Jun Xue Bao 2004, 11, 52–58.
38. Fernández, J.; Curt, M.D.; Aguado, P.L. Industrial applications of Cynara cardunculus L. for energy and other uses. Ind. Crops Prod.

2006, 24, 222–229. [CrossRef]

http://doi.org/10.1007/s00253-010-3067-4
http://www.ncbi.nlm.nih.gov/pubmed/21190105
http://doi.org/10.1016/j.jep.2014.03.006
http://www.ncbi.nlm.nih.gov/pubmed/24650999
http://doi.org/10.1615/IntJMedMushr.v16.i1.10
http://www.ncbi.nlm.nih.gov/pubmed/24940900
http://doi.org/10.1080/14786419.2017.1278593
http://doi.org/10.1615/IntJMedMushrooms.v19.i6.40
http://doi.org/10.1016/j.jff.2018.12.034
http://doi.org/10.1016/j.ijbiomac.2019.10.144
http://doi.org/10.1016/j.scitotenv.2020.139330
http://doi.org/10.3390/nu13072195
http://doi.org/10.3390/ijms18071564
http://www.ncbi.nlm.nih.gov/pubmed/28718825
http://doi.org/10.1016/j.jff.2020.103937
http://doi.org/10.1590/S0100-204X2013000200010
http://doi.org/10.1016/j.foodchem.2010.12.149
http://www.ncbi.nlm.nih.gov/pubmed/23140737
http://doi.org/10.33585/cmy.70102
http://doi.org/10.1016/j.lwt.2012.06.013
http://doi.org/10.1002/jsfa.9823
http://doi.org/10.1007/s11694-020-00589-9
http://doi.org/10.3390/foods9010095
http://doi.org/10.3390/foods9091175
http://www.ncbi.nlm.nih.gov/pubmed/32854432
http://doi.org/10.1016/0003-2697(76)90527-3
http://www.ncbi.nlm.nih.gov/pubmed/942051
http://doi.org/10.1017/S0953756204001637
http://www.ncbi.nlm.nih.gov/pubmed/15736864
http://doi.org/10.1016/j.indcrop.2006.06.010


Foods 2023, 12, 58 13 of 13

39. Aida, F.M.N.A.; Shuhaimi, M.; Yazid, M.; Maaruf, A.G. Mushroom as a potential source of prebiotics: A review. Trends Food Sci.
Technol. 2009, 20, 567–575. [CrossRef]

40. Pessoni, R.A.; Freshour, G.; Figueiredo-Ribeiro, R.d.C.L.; Hahn, M.G.; Braga, M.R. Cell-wall structure and composition of
Penicillium janczewskii as affected by inulin. Mycologia 2005, 97, 304–311. [CrossRef] [PubMed]

41. Boh, B.; Berovic, M.; Zhang, J.; Zhi-Bin, L. Ganoderma lucidum and its pharmaceutically active compounds. In Biotechnology
Annual Review; El-Gewely, M.R., Ed.; Elsevier: Amsterdam, The Netherlands, 2007; Volume 13, pp. 265–301.

42. Raccuia, S.A.; Melilli, M. Cynara cardunculus L., a potential source of inulin in the Mediterranean environment: Screening of
genetic variability. Aust. J. Agric. Res. 2004, 55, 693–698. [CrossRef]

43. Tarko, D.B.; Sirna, A.M. Substrate optimization for cultivation of Pleurotus ostreatus on lignocellulosic wastes (coffee, sawdust,
and sugarcane bagasse) in Mizan–Tepi University, Tepi Campus, Tepi Town. J. Appl. Biol. Biotechnol. 2018, 6, 14–20.

44. Bonatti, M.; Karnopp, P.; Soares, H.M.; Furlan, S.A. Evaluation of Pleurotus ostreatus and Pleurotus sajor-caju nutritional
characteristics when cultivated in different lignocellulosic wastes. Food Chem. 2004, 88, 425–428. [CrossRef]

45. Palacios, I.; Lozano, M.; Moro, C.; D’Arrigo, M.; Rostagno, M.A.; Martínez, J.A.; García-Lafuente, A.; Guillamón, E.; Villares, A.
Antioxidant properties of phenolic compounds occurring in edible mushrooms. Food Chem. 2011, 128, 674–678. [CrossRef]

46. Sardar, H.; Ali, M.A.; Anjum, M.A.; Nawaz, F.; Hussain, S.; Naz, S.; Karimi, S.M. Agro-industrial residues influence mineral
elements accumulation and nutritional composition of king oyster mushroom (Pleurotus eryngii). Sci. Hortic. 2017, 225, 327–334.
[CrossRef]

47. da Paz, M.F.; Breyer, C.A.; Longhi, R.F.; Oviedo, M.S.V.P. Determining the basic composition and total phenolic compounds
of Pleurotus sajor-caju cultivated in three different substrates by solid state bioprocess. J. Biotechnol. Biodivers. 2012, 3, 11–14.
[CrossRef]
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