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Abstract


Fungi, particularly Pleurotus eryngii, emerges as a promising solution for sustainable non-animal protein production, requiring less land and growing on waste materials. In connection with population growth, sustainable solutions must be found to increase yield and product quality without resorting to the use of synthetic chemical fertilizers. Several biobased products are currently on the market; one of the most interesting is wood distillate (WD), derived from the pyrolysis process of the woody material. WD is rich in biologically active substances such as polyphenols, alcohols, acids, and esters, and its use is authorized in organic agriculture. The study investigates the use of WD in cultivating P. eryngii. We tested different concentrations of WD: 0%, 0.1%, 0.2%, 0.5%, and 1% WD on the growth of P. eryngii. Although WD did not significantly affect the yield (fresh weight), it led to a substantial increase in total soluble protein content and antioxidant compounds, such as phenols and vitamin C, and a reduction in glycogen content, especially at 0.2% WD. The results highlight the potential of biostimulants in mushroom cultivation, providing the ground for further research to improve the nutritional properties of cultivated mushrooms through wood distillate.
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1. Introduction


Since the 1950s, the global human population has experienced exponential growth, soaring from 2.5 billion to today’s 8 billion, and the United Nations estimates a raising of 8.5 billion by 2030 and 9.7 billion by 2050, with a peak of around 10.4 billion during the 2080s [1]. Feeding this rapidly expanding population demands sustainable and less impacting alternatives [2]. Protein, a key component of the human diet, influences various aspects of health, including bone structure, body weight, muscle mass, and functions such as kidney and immune performance [3]. Despite these benefits, maintaining a balanced approach is crucial. The European Food Safety Authority emphasizes the significance of balanced protein consumption, considering diverse protein sources, in European diets [4]. However, current environmental issues, exacerbated by climate change, make it increasingly challenging to find land suitable for animal farming to meet the demand for meat, so far considered the primary protein source [5]. Moreover, animal husbandry alone contributes ca. 13% of global CO2 production [6]. This underscores the need for non-animal alternatives like legumes and fungi, which have a lower environmental impact, reduce water consumption, and contribute to soil health and quality [7,8,9,10]. In addition to environmental sustainability, the economic accessibility of non-animal proteins is pivotal [11]. The production and distribution of these products can be more cost-effective than meat, making this type of protein accessible to a wider global audience [12].



Edible fungi offer an innovative and sustainable solution. Their cultivation requires less land than traditional crops and can be carried out using agricultural or industrial waste materials [10,13]. Large-scale cultivation of mushrooms is often carried out in greenhouses, using substrates that nearly eliminate the need for extensive agricultural space, ensuring rapid and continuous production of ready-to-use products [14]. Mushrooms are valued as an excellent source of vitamins and minerals, and their unique flavors and aroma make them a preferred choice in many countries [15]. While increasing mushroom consumption contributes positively to contrasting malnutrition, it is important to note that mushrooms cannot completely replace essential proteins [16,17]. Despite this, from a recent study through investigations conducted on nine different edible mushrooms belonging to the genus Agaricus, Flammulina, Lentinula and Pleurotus, it emerged that they have high levels of proteins [18,19]. These vary from 16% in P. eryngii to 37% in P. ostreatus. Regarding the contribution of consuming 100 g of mushrooms to the recommended daily intake (RDA), Bach et al. [18] report that mushrooms meet 41% and 55% of the recommended daily protein intake for men and women, respectively.



Various species of mushrooms play a crucial role in both human nutrition and modern pharmacology [20]. Among them, one of the most commercially significant and widely cultivated is Pleurotus eryngii (DC.) Quél., commonly known in Italy as “Cardoncello”. Ranked as the third most economically important cultivated mushrooms [21,22], its production is regulated in Italy [23]. P. eryngii features single or clustered carpophores with an umbrella-shaped cap (diameter: 3–20 cm) and a central or eccentric stem. Its structure is compact, firm, unalterable, tender, and elastic [24]. Like all edible mushrooms, P. eryngii is characterized by a relatively high content of proteins and various antioxidant compounds (i.e., polyphenols, flavonoids, and vitamin C), positively impacting both human dietary aspects and the extraction of phytochemicals in the pharmaceutical industry [25,26]. Scientific research on this mushroom has mainly focused on the use of different growth substrates (i.e., cotton seed shells, sawdust, sugarcane bagasse, and corn cobs) for its cultivation, in order to find the best substrate, assessing the final yield and nutritional characteristics of mushrooms [27,28,29].



Presently, there is a noteworthy transition in agricultural practices, characterized by the European Union’s introduction of a 10-year strategy called “Farm to Fork” [30]. This strategy aims to guide the agricultural transition towards a fair, healthy, and environmentally friendly food system. Within this framework, it has been established that there is a substantial need to reduce the use of synthetic chemical fertilizers and pesticides by 2030, replacing them with natural and environmentally friendly alternatives [30]. To the best of our knowledge, there is currently no scientific literature examining the use of bio-based products to enhance the nutritional quality of cultivated mushrooms.



Among the various types of biostimulants available in the Italian market, one of the most interesting is wood distillate (WD), also known as pyroligneous acid or wood vinegar. This product has recently been included in the list of corroborants approved for use in organic agriculture in Italy [31]. WD, together with biochar, is one of the two by-products of the pyrolysis process of woody biomass and derives from the condensation of vapors produced during this process [32,33]. The chemical characteristics are influenced by the feedstock and the operational parameters employed, but in general, it consists of >300 biologically active molecules, including polyphenols, tannins, alcohols, and organic acids [34]. Numerous scientific studies have reported an increase in yield and nutritional quality of several crops following WD spray application or fertigation [35,36,37]. Studies showed that WD is also safe for the environment [38,39] and human health [40]. The effect of WD on the cultivation of edible mushrooms has predominantly centered on two aspects: the yield of fruit bodies and the growth of mycelium. In a study conducted by Yoshimura et al. [41], varying concentrations of WD (ranging from 0.1% to 6%) were added, resulting in a notable increase in the yield of fruit bodies for Pleurotus ostreatus, ranging from 21% to 42%. Similarly, other research endeavors have elucidated that even low concentrations of WD (ranging from 0.05% to 0.25%) have a significant positive effect on the mycelial growth of various fungal species [42,43,44]. However, an overlooked area pertains to how WD influences the nutritional properties of these mushrooms. In this study, we looked at how WD affected the growth of P. eryngii. We investigated whether WD treatment affected biochemical parameters such as total soluble proteins, glycogen, phenols, flavonoids, and vitamin C levels.




2. Materials and Methods


2.1. Experimental Design


Twenty highly productive and selectively incubated substrates (height: 22 cm; width: 24 cm; depth: 12 cm; weight: 5 kg) of the “Cardoncello” mushrooms (Pleurotus eryngii (DC.) Quél.-fungal strain: DB160) were used for the experiment, and were kindly provided by the company “Azienda Agricola Micologica De Biasi Arcangelo” [45]. The substrates consisted of a mix of wheat straw (49% dw/dw), sugar beet pulp (49% dw/dw), and Ca2CO3 (2% dw/dw), which was hydrated to 70% total moisture. Subsequently, each substrate was confined in plastic bags and sterilized at 121 °C for 20 min. The fungus inoculum (DB160) was placed in a sterile area. Finally, before starting the experiment, the substrates were incubated for 60 days at 26 ± 2 °C.



In the laboratory, all substrates were getting rid of the top of the plastic cover, and a layer of approx. According to the company indication, 5 cm of growing medium (Vigor Plant Srl, Albenga, Italy) was added to allow the mushrooms to grow. Subsequently, the growing substrates were treated with five different WD concentrations (n = 4): 0% WD (control-C), 0.1% WD (0.1% WD), 0.2% WD (0.2% WD), 0.5% WD (0.5% WD), and 1% WD (1% WD). The WD treatment was applied twice (ca. 10 mL per substrate), on the first day of the experiment and on the seventh day, through a spraying method that avoided contact with the carpophores. The substrates were placed in a climatic chamber in the dark, at a temperature of 20 ± 2 °C, and relative humidity of 70 ± 5%. To maintain consistent internal humidity, substrates were periodically water-moistened. The experiment ended on the eleventh day, after >99% of the mushrooms reached full maturity.




2.2. Wood Distillate


The wood distillate (®BioDea) utilized in this experiment was kindly provided by Bio-Esperia S.r.l. (Arezzo, Italy) [46]. During the pyrolysis process of the woody material (i.e., Castanea sativa Mill., Robinia pseudoacacia L., Fraxinus L., Alnus glutinosa (L.) Gaertn., and Quercus robur L.), derived from secondary forest timber, WD is obtained through a countercurrent steam process, utilizing only the water present in the wood sap. This extraction is carried out in the pyrolitic reactor at various temperature gradients, with the output capped at a maximum of 75 °C. Subsequently, the wood extract undergoes a further step, being directed to a natural filter for the removal of any residue. It is then left to decant for a minimum of three months, allowing for the production of a WD with an amber-colored hue. Throughout all stages of the reaction process, the parameters are computer-controlled to ensure the quality of the final product. The pH ranges from 3.5 to 4.5, and the density is 1.05 kg L−1. Main components include acetic acid (2.3%), phenols (3.01 g L−1), total organic compounds (33.8 g L−1), organic acids (32.3 g L−1), and total nitrogen (0.43 g L−1). The complete chemical characterization of the WD is reported in Celletti et al. [47].




2.3. Yield Parameters and Samples Preparation


During sampling, carpophores were removed from the substrate, counted, cleaned of any soil residue, and weighed. Since each substrate had exactly the same weight (5 kg), the yield parameters (nr. of carpophores and fresh weight) were expressed as medians per each growing substrate. The samples were then dried for 10 h in a ventilated oven at 60 °C, following the methodology outlined by Khumlianlal et al. [48]. After drying, the samples were homogenized using a blender and sieved (2 mm) to ensure a uniform matrix for subsequent analysis. Biological efficiency and production rate were calculated following Wang et al. [19].




2.4. Total Soluble Protein Content


The total soluble protein content was assessed according to the procedure outlined by Lamaro et al. [49]. Ground samples (0.2 g) were homogenized in 4 mL of deionized water (dH2O) and subsequently centrifuged at 4000 rpm for 5 min. In total, 0.2 mL of the resulting supernatant was then mixed with 0.8 mL of Bradford solution (Sigma-Aldrich, Darmstadt, Germany). Measurements were taken at 595 nm using a UV-Vis spectrophotometer (Agilent 8453; Santa Clara, CA, USA). Quantification was carried out on a calibration curve (10–100 μg mL−1) prepared with bovine albumin (Sigma-Aldrich, Darmstadt, Germany).




2.5. Glycogen Content


The concentration of glycogen was assessed according to the procedure outlined by Fedeli et al. [50]. For the quantification of glycogen content, Lugol’s methodology, commonly used for the determination of starch content, was used. Similar to starch, glycogen forms a colored complex with Lugol’s reagent. However, the resulting color is typically red-brown rather than blue-black. This color change is used for the qualitative-quantitative determination of glycogen. Fungal samples (0.5 g) were homogenized in 2 mL of dimethyl sulfoxide (DMSO). Subsequently, 0.5 mL of 8 M HCl was added, and the samples were put inside an oven for 30 min at 60 °C. After cooling, 0.5 mL of 8 M NaOH and 7 mL of dH2O were added. The samples underwent centrifugation at 4000 rpm for 5 min, and 0.5 mL of the supernatant was mixed with 2.5 mL of Lugol’s solution (HCl 0.05 M, 0.03% I2, and 0.06% KI). After 15 min, the samples were measured at 605 nm using a UV-VIS spectrophotometer (Agilent 8453; Santa Clara, CA, USA).




2.6. Total Phenol and Total Flavonoid Content


Approximately 1 g of the dried material was immersed in 10 mL of 80% methanol (v/v) for extraction. After 30 min of orbital shaking (ASAL VDRL mod. 711, Cernusco s/N, Milan, Italy), samples were incubated at 4 °C in the dark for 48 h. The resulting solution was filtered using Whatman filter paper no. 1, and the filtrates were used for the quantification of the total phenol (TPC) and total flavonoid content (TFC).



The determination of TPC followed the procedure outlined by Azarnejad et al. [51]. 0.125 mL of filtrate extracts were mixed with 2 mL of dH2O, and 0.125 mL of Folin–Ciocalteu’s reagent was added. After 3 min in the dark, 1.25 mL of 7% (w:v) Na2CO3 and 1 mL of dH2O were introduced, shaken vigorously, and left to incubate in the dark for 90 min. The absorbance of the solutions was read at 760 nm using a UV-Vis spectrophotometer (Agilent 8543, Santa Clara, CA, USA). Quantification was based on a calibration curve (5–300 µg mL−1) prepared with pure gallic acid (98%, Thermo Fisher Scientific Inc., Rodano, Milano, Italy).



The determination of TFC followed the procedure outlined by Azarnejad et al. [51]. 0.25 mL of filtrate extracts were combined with 0.075 mL of 5% (w:v) NaNO2, followed by the addition of 0.075 mL of 10% (w:v) AlCl3. After shaking and 5 min of incubation in the dark, 0.5 mL of 1 M NaOH solution was added. The samples were left in the dark for 15 min, and absorbances were measured at 415 nm using a UV-Vis spectrophotometer (Agilent 8453, Santa Clara, CA, USA). Quantification relied on a calibration curve (12.5–150 µg mL−1) prepared with quercetin (≥95%, Merck KGaA, Darmstadt, Germany).




2.7. Vitamin C Content


The vitamin C content was assessed according to the procedure outlined by Fedeli et al. [52]. Samples (0.2 g) were homogenized in 1.6 mL of 10% (w/v) trichloroacetic acid (TCA). The resulting homogenate underwent filtration using gauze, followed by 5 min cooling and subsequent centrifugation at 3000 rpm for 5 min. 0.4 mL of the supernatant were combined with 1.6 mL of distilled water and 0.2 mL of 0.2 M Folin–Ciocalteu reagent (Carlo Erba, Cornaredo, MI, Italy). After a 10 min incubation in the dark, samples were measured at 760 nm using a UV–Vis spectrophotometer (Agilent 8453, Santa Clara, CA, USA). Concentration determination relied on a calibration curve established with 0.05–0.2 mL of a 100 µg mL−1 L-ascorbic acid (BioXtra, ≥99.0%, crystalline) stock solution.




2.8. Statistical Analysis


To test for differences determined by treatment, a permutational multivariate analysis of variance (PERMANOVA) was run, followed by a pairwise permutational t-test; for post hoc comparisons. All statistical analyses were run with the R software v. 4.0.1 [53]; statistical significance was taken at p < 0.05.





3. Results


PERMANOVA analysis revealed significant differences in total soluble protein, glycogen content, total phenol content, total flavonoid content, and vitamin C content (Table 1). No disparities were noted in the number of carpophores and fresh weight (Table 1).



The application of WD did not yield any significant impact on the number, fresh weight, biological efficiency, and production rate of carpophores across all tested concentrations (Figure 1).



Concerning total soluble protein content, variations among treatments were negligible except for the 0.2% WD concentration, where a statistically significant increase of +95% was observed (Figure 2). For glycogen content, differences were insignificant across treatments except for the 0.2% WD concentration, which showed a statistically significant reduction of −50% (Figure 3).



Regarding the antioxidant pool (Figure 3), mushrooms displayed an elevation in total phenols content only at 0.2% WD and 0.5% WD concentrations (+22% and +26%, respectively), while other concentrations maintained values similar to the controls. No discernible differences were noted in total flavonoid content across treatments, with all treatments exhibiting values akin to control samples. In contrast, vitamin C content exhibited a progressive increase across all WD treatments (0.1% WD: +10%; 0.2% WD: +17%; 0.5% WD: +32%; 1% WD: +10%) compared to control samples.




4. Discussion


Our findings showed, for the first time, the effect of WD on the growth of P. eryngii, underscoring how the mushrooms exhibit distinct responses to varying concentrations. The motivation for testing different concentrations of WD derives from the lack of studies, making an initial screening necessary to identify the most suitable concentration. It is crucial to note that, overall, all tested WD concentrations did not adversely affect mushroom yield, both in terms of fresh biomass and the number of fruiting bodies. Differently, Yoshimura et al. [41], found that different concentrations of WD (ranging from 0.1% to 6%) significantly increase the yield of the fruit bodies of Pleurotus ostreatus, ranging from 21% to 42%. These contrasting results maybe could be influenced by the chemical profile of WD since its chemical composition is influenced by the feedstock and the operational parameters set during the pyrolysis process. In many cases, crops and weeds exhibit different responses based on the concentrations used. For instance, concentrations ranging from 0.2 to 0.5% often stimulate plant growth and enhance quality [35,36,54], whereas concentrations > 1% can have herbicidal effects [55,56]. In our study, mushrooms showed a positive response in terms of yield, with a 25% increase in fresh weight, although not statistically significant, observed at 0.5% WD.



This less sensitive effect at high concentrations of WD on mushrooms could be due to the presence of chitin in the cell wall, differently from plants, which have cellulose. Chitin plays a crucial role in fungi by providing rigidity to their cell walls and offering vital structural support for the stability of fungal cells [57]. This support is essential for maintaining the shape and integrity of the cells, enabling fungal cell walls to withstand internal osmotic pressures and preserve the overall structure of the fungus [58]. Additionally, chitin serves as protection, forming a defensive barrier in the cell walls that shields fungi from external threats such as bacteria, antagonistic fungi, or pathogens [59,60]. This defense contributes to preserving the structural and functional integrity of the fungus. In the life cycle of fungi, chitin actively participates in the growth and development of fungal structures, playing a key role during the growth of mycelium and the formation of carpophores [61,62]. The concentration of 1% WD has emerged as a critical threshold, where its application resulted in an unexpected interruption of the previously observed positive trends across all measured parameters in P. eryingii. This disruption hints at a complex interplay between the concentration of WD and its effects on fungal physiology. Notably, this adverse impact at higher concentrations may be attributed, at least in part, to the protective function of chitin present in the fungal cell wall. It is intriguing to note that at lower concentrations, particularly up to doses of 0.5% WD, the response of the fungi was notably favorable, particularly evident in the augmentation of biochemical parameters. However, as the concentration of WD increased beyond this threshold, a discernible decline was witnessed in several key parameters, including soluble proteins and phenols. This unexpected decrease suggests a potential saturation effect or an adverse response triggered by the heightened levels of WD. This underscores the necessity for precise dosage optimization to harness the beneficial effects of WD while mitigating any detrimental impacts on fungal physiology and productivity.



The increase in total soluble protein content observed in mushrooms treated with 0.2% WD is noteworthy. Fungi contain a high amount of proteins and are recognized as high-quality dietary sources due to their low-fat content, high fiber content, and functional ingredients such as phenols [63]. Moreover, mushrooms were recently included by the food industry, e.g., for the production of integrators, in view of their high nutritional value and completeness of essential amino acids [64,65,66].



As already mentioned, this is the first study investigating the use of WD on the growth of edible fungi, as scientific research on this topic is fully missing. Nevertheless, similar results have been observed in chickpea seeds, where a ca. 20% increase in soluble proteins was found following 0.2% WD spray applications [67]. The observed rise in soluble protein content could be linked to the remarkable reduction in glycogen content at 0.2% WD concentration. Similar to plants, polysaccharides in fungi play a role in storing energy, which is utilized as needed or under stress conditions [68]. In plants, it has recently been demonstrated that WD induces a precise type of stress, called eustress, stimulating the production of antioxidant substances, resulting in increased key components of crops (i.e., lycopene for tomato, proteins for chickpeas, and carbohydrates for potato) [50,54,67]. Therefore, it is plausible to speculate that the increase in proteins is indirectly connected to the reduction in glycogen since it is cleaved through an enzymatic process known as starch hydrolysis [69]. This process involves the action of specific enzymes produced by mushrooms to convert glycogen into simpler sugars such as glucose and maltose, which can then be used as a source of energy for the formation of primary and secondary metabolites [70].



Regarding the antioxidant compounds, a notable increase in TPC was observed in mushrooms treated with 0.2% WD and 0.5% WD. Similarly, there was an increase in the content of vitamin C in mushrooms treated with concentrations > 0.2% WD. This rise in these parameters holds significant implications from a nutritional point of view, as mushrooms have long been recognized for their diverse beneficial effects, including antioxidant, antimicrobial, anticancer, and anti-inflammatory activities due to their molecules [71,72,73]. Among the secondary metabolites found in mushrooms, polyphenols have been extensively studied and proved to be effective against various health complications [74,75,76]. Additionally, vitamin C plays an important role in mushrooms, influencing cell structure, albeit to a lesser extent compared to plants and animals [77]. Moreover, the accumulation of vitamin C is recognized as a response to external environmental stress, enhancing the survival and adaptability of these organisms [78].




5. Conclusions


This study is the first to investigate the effect of wood distillate on the biochemical parameters of edible fungi. While the yield was not affected, the application of 0.2% WD led to a significant increase in the content of total soluble proteins (+95%) and antioxidant compounds (phenols: +22%; vitamin C: +17%), underscoring the potential of this biostimulant in mushroom cultivation. These findings suggest that WD can enhance certain nutritional qualities of mushrooms, making it a promising additive in the agricultural sector.



However, further research is needed to confirm and generalize these results. It is crucial to test the response of various fungal species beyond P. eryngii to gain a comprehensive understanding of the broader applicability of WD. Additionally, future studies should not only validate the observed outcomes but also investigate a wider array of biochemical parameters, such as enzyme activities, lipid profiles, and other nutritional and functional components.
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Figure 1. Boxplot of (A) number, (B) fresh weight, (C) biological efficiency, and (D) production rate of carpophores. CONTROL: only water; 0.1% WD = treatment with 0.1% wood distillate; 0.2% WD = treatment with 0.2% wood distillate; 0.5% WD = treatment with 0.5% wood distillate; 1% WD = treatment with 1% wood distillate. 
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Figure 2. Boxplot of the content of total soluble proteins (A) and glycogen (B). CONTROL: only water; 0.1% WD = treatment with 0.1% wood distillate; 0.2% WD = treatment with 0.2% wood distillate; 0.5% WD = treatment with 0.5% wood distillate; 1% WD = treatment with 1% wood distillate. Different letters indicate statistically significant (p < 0.05) differences among treatments. 
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Figure 3. Boxplot of the content of total phenols, TPC (A), total flavonoids, TFC (B), and vitamin C (C). CONTROL: only water; 0.1% WD = treatment with 0.1% wood distillate; 0.2% WD = treatment with 0.2% wood distillate; 0.5% WD = treatment with 0.5% wood distillate; 1% WD = treatment with 1% wood distillate. Different letters indicate statistically significant (p < 0.05) differences among treatments. 






Figure 3. Boxplot of the content of total phenols, TPC (A), total flavonoids, TFC (B), and vitamin C (C). CONTROL: only water; 0.1% WD = treatment with 0.1% wood distillate; 0.2% WD = treatment with 0.2% wood distillate; 0.5% WD = treatment with 0.5% wood distillate; 1% WD = treatment with 1% wood distillate. Different letters indicate statistically significant (p < 0.05) differences among treatments.



[image: Agriculture 14 01012 g003]







 





Table 1. Results of permutational analyses of variance of: number of carpophores, fresh weight, total soluble protein, biological efficiency, production rate, glycogen, total phenols content, total flavonoind content, vitamin C.
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	Explained
	Residual
	df Num
	df Denom
	F
	p Value





	N° carpophores
	19.5
	110.5
	4
	15
	0.66
	0.64



	Fresh weight
	149,772
	296,742
	4
	15
	1.89
	0.15



	Total soluble protein
	129.63
	49.69
	4
	15
	9.78
	0.001



	Biological efficiency
	23.4
	105.3
	4
	15
	2.36
	0.85



	Production rate
	12.6
	85.9
	4
	15
	2.14
	0.79



	Glycogen
	154.8
	59.06
	4
	15
	9.83
	0.005



	Total phenols
	101.74
	25.39
	4
	15
	15.02
	0.002



	Total flavonoids
	0.22
	0.24
	4
	15
	3.41
	0.035



	Vitamin C
	0.095
	0.035
	4
	15
	10.06
	0.001
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