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Abstract

:

Large quantities of wine lees are produced annually by the wine industry. The high phenolic content makes them unsuitable for disposal in the environment or animal feed without a suitable treatment. In this study, wine lees were treated by Pleurotus ostreatus in submerged cultivation, producing a high-value biomass and elevated levels of laccase, an important industrial enzyme. Biomass and laccase production reached 21 g/L and 74,000 Units/L, respectively, at the optimal conditions of initial pH 6.0, 20% v/v wine lees, 30 g/L glucose, and 20 g/L yeast extract, while decolorization and dephenolization rates of the waste were over 90%. The mycelial biomass was rich in proteins and essential amino acids reaching up to 43% and 16% per dry weight, respectively. Carbohydrates and lipids were the second richest bioactive compound in biomass, with values of 29.4 ± 2.7% and 29.5 ± 2.7%, respectively. The crude laccase in the culture supernatant was purified via a simple two-step purification procedure by 4.4-fold with a recovery of 44%. The molecular weight of the enzyme was determined to be 62 kDa via SDS electrophoresis. Enzyme activity was optimal at pH 5.0 and 70 °C. The activation energy of the enzyme was calculated at a value of 20.0 ± 0.2 kJ/mol. The pH stability and thermostability of the purified laccase were studied. The enzyme was remarkably stable at pH 8.0 and at temperatures up to 40 °C. The thermal inactivation energy of the enzyme was determined to be 76.0 ± 1.2 kJ/mol. The thermodynamic parameters (ΔH*, ΔG*, and ΔS*) for the thermal deactivation of the purified laccase at a temperature range of 20–60 °C were: 73.8 ≤ ΔH* ≤ 74.3 kJ·mol−1, 98.7 ≤ ΔG* ≤ 101.9 kJ·mol−1, and −90.5 ≤ ΔS* ≤ −84.3 J·mol−1·K−1. Wine lees could be ideal substrates of fungal cultivation for laccase production and biomass with a high protein content in an eco-friendlier way.
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1. Introduction


Wine lees are the precipitate that remains in wine containers after fermentation, during storage, or after authorized treatment of wine. It represents 2–6% of the total wine volume produced by the industry and could also contain grape stalks, pomace, skins, seeds, and yeasts [1]. Wine lees contain high organic and inorganic contents, and in combination with the high water-soluble polyphenols and the low pH makes them a solid pollutant with high disposal costs for industries [1,2]. Also, these characteristics make them unsuitable for direct agricultural applications, and further biological treatments are needed [2]. Some of the properties of the wine lees are pH: 3.6–7.2, organic carbon (g/kg): 226–376, polyphenols (g/kg): 1.9–16.3, total phenolic content (mg/L): 29–766, proteins (% of dry matter): 14.5–15.7, lipids (% of dry matter) 5.0–5.9, sugars (% of dry matter): 3.5–4.8, and dietary fibers (% of dry matter): 21.2–21.9 [2]. The organic part of wine lees mainly contains yeast biomass that can be used as a nitrogen source for the production of fermentation media and has already been used to produce lactic acid and xylitol [3,4]. Furthermore, wine lees have already been used as a fermentation medium to produce high-protein yeast, with a protein content of 68.5 ± 1.0% [5].



The submerged cultivation of edible mushrooms has also been proposed for bioactive compounds and enzyme production using agro-industrial residues [6]. Specifically, Pleurotus ostreatus has already been cultivated for single-cell protein production on a fiber sludge enzymatic hydrolysate. The produced biomass presents a high carbohydrate content of 50.9 ± 2.8%, with an intracellular polysaccharide content of 34.7 ± 0.9%, and a high protein content of 38.0 ± 2.1% [7]. In addition, the same strain has been cultivated in an aspen wood chips hydrolysate, containing mostly glucose and xylose in a batch-stirred tank bioreactor. Biomass production levels of 25.0 ± 3.4 g/L and 54.5 ± 0.5% protein yields were achieved [8]. Except for protein production, the P. ostreatus submerged cultivation technique has already been used to produce lignocellulolytic extracellular enzymes that are crucial for lignin and cellulose degradation [1]. It has been proposed that this fungus could present b-glucosidase, xylanase, laccase, manganese-dependent peroxidase activity, and independent peroxidase activity, while the production is higher when agro-industrial wastes are used instead of using glucose as a carbon source [9]. In addition, there are also some examples where filamentous fungi, like P. ostreatus, have been exploited for winery waste’s bioconversion into value-added products, such as cellulase, xylanase, and pectinase from grape pomace, laccase from grape seeds, and laccase, peroxidase, endoglucanase, and endoxylanase from grape stalks [1]. Wine lees have not been used for laccase production via Pleurotus ostreatus, but the Trametes pubescens strain has been cultivated in a wine lees medium with a maximum laccase activity of 3.5 Units/mL.



Laccases are multi-copper oxidases produced via fungi, bacteria, and plants. They catalyze the oxidation of various aromatic substrates with the reduction of molecular oxygen to water [10]. Laccases present a wide range of industrial applications, such as food processing of wastes, decolorization of dyes in the textile industry, bioremediation of soils, biosensor technology, organic synthesis of medications, and delignification and brightening of pulp paper [11]. Especially in the food industry, laccase is used as additives in food and beverages processing, wine and beer stabilization, fruit juice processing, and baking [12]. The P. ostreatus genome includes twelve laccase genes, but only six have been characterized. These are POXA1b (lacc6), POXA1w, POXA2, POXA3a (lacc2), POXA3b, and POXC [13]. A study for the expression of laccase genes in submerged and solid-state cultivation of P. ostreatus revealed that different genes are over-expressed in each cultivation technique. The Lacc2 and Lacc10 genes were highly expressed in the submerged cultures [13]. Laccase production via submerged cultivation of P. ostreatus has already been achieved with and without using agro-industrial by-products. The addition of copper sulfate in the cultivation medium resulted in a 13.5 Units/mL laccase activity, whereas 12 Units/mL was achieved using corn cob as a carbon source. The highest laccase activity of 45 Units/mL was obtained from P. ostreatus cultivation using 20 g/L glucose and 5 g/L orange peels in the growth medium, whereas a lower laccase activity of 30 Units/mL was obtained when orange peels were replaced with tea [14].



In this study, the effect of wine lees on biomass and laccase production were investigated via the submerged cultivation of P. ostreatus LGAM 1123. A biomass with high protein content and essential amino acids were produced, while laccase revealed high activity at the optimized medium. This is the first time that wine lees were used for P. ostreatus submerged cultivation to produce high value biomass and laccase, an enzyme valuable for industrial applications. In addition, biochemical and thermodynamic characterizations of purified laccase were achieved.




2. Materials and Methods


2.1. Chemicals and Reagents


In this study, analytical-grade chemicals were used. Potato dextrose agar (PDA) and yeast extract were purchased from Neogen Europe Ltd. (Ayr, UK). Manganese (II) sulfate heptahydrate (MnSO4·7H2O), zinc sulfate heptahydrate (ZnSO4·7H2O), glucose, thiamine hydrochloride (vitamin B1), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-Na2·2H2O) (Sodium EDTA), 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), bovine serum albumin (BSA), Folin–Ciocalteu phenol reagent, and copper (II) sulfate pentahydrate (CuSO4 5H2O) were all supplied from Sigma-Aldrich (St. Louis, MO, USA). Di-potassium hydrogen phosphate anhydrous (dibasic) (K2HPO4), sodium nitrate (NaNO3), potassium chloride (KCl), potassium nitrate (KNO3), ammonium chloride (NH4Cl), and ammonium sulfate ((NH4)2SO4) were all supplied from AppliChem (Darmstadt, Germany). Ferrous sulfate heptahydrate (FeSO4·7H2O), magnesium sulfate anhydrous (MgSO4), calcium chloride dihydrate (CaCl2·2H2O), ammonium molybdate tetrahydrate ((NH4)6Mo7O2·4H2O), and sucrose were supplied from Fluka (Buchs, Switzerland). Sodium hydroxide (NaOH) was purchased from Panreac (Barcelona, Spain). The Pierce™ BCA protein assay kit, acetonitrile, chloroform, and methanol was supplied from Thermo Fisher Scientific (Waltham, MA, USA). Sodium carbonate (Na2CO3) and sulfuric acid were supplied from Honeywell Riedel-de Haën (Charlotte, NC, USA). Hydrochloric acid (HCl) was supplied from Merck (KGaA Darmstadt, Germany).




2.2. Microorganism and Wine Lees


In this study, P. ostreatus LGAM 1123 was kindly provided from the Laboratory of General and Agricultural Microbiology (Agricultural University of Athens, Athens, Greece). The strain was kept at 4 °C on potato dextrose agar (PDA, Neogen Europe Ltd. (Ayr, UK)) Petri dishes.



Wine lees were provided from a local winery from the red wine grapes variety Merlot: Syrah: Cabernet (60:30:10% v/v). The wine lees were centrifugated at 4000 rpm for 10 min, and the supernatant was used as a substrate for fungal growth. The characteristics of wine lees are shown in Table 1 below.




2.3. Media and Growth Conditions


For preculture preparation, a sterilized cutter was used to transfer 1 cm of the PDA Petri culture dishes into a 250 mL Erlenmeyer flask. The flasks contained 100 mL of the basal medium (g/L), as shown in Table 2 below, except for the addition of CuSO4 5H2O.



The precultures were incubated in a rotary shaker for twelve days at 150 rpm and 28 °C. After that time, five mL of culture was transferred into a new flask containing a modified basal medium for glucose, yeast extract, and wine lees, as described in each experiment below, and with the addition of CuSO4 5H2O (as shown in Table 2). Before heat sterilization (121 °C for 20 min), the initial pH of the medium was adjusted to 6.0 with the addition of 1 M NaOH. At different times, samples were withdrawn from the culture and centrifugated (4000 rpm for 10 min) to separate the biomass from the supernatant. The supernatant and biomass were kept for further analyses.




2.4. Effect of Different Initial pH


To investigate the effect of initial pH on biomass and laccase production, decolorization of wine lees, and dephenolization of wine lees, the initial pH of the culture was adjusted to 5, 6, 7, and 8. The growth medium was the same as outlined in Table 2, with the addition of 10% (v/v) wine lees. At certain time intervals, samples were withdrawn from the cultures for measurements of biomass production, reducing sugar consumption, laccase activity, decolorization of wine lees, and dephenolization of wine lees. This experiment lasted 8 days.




2.5. Effect of Wine Lees Concentration


To find the optimal wine lees concentration, different concentrations of wine lees (5%, 10%, 20%, 40%, 60%, and 100% v/v) were added to the growth medium outlined in Table 2. The initial pH of the cultures was adjusted to 6. At certain time intervals, samples were withdrawn from the cultures for measurements of biomass production, reducing sugar consumption, laccase activity, decolorization of wine lees, and dephenolization of wine lees. This experiment lasted 17 days.




2.6. Effect of Yeast Extract Concentration


Different yeast extract (YE) concentrations (2.5 g/L, 5 g/L, 10 g/L, 15 g/L, and 20 g/L) were added to the growth medium outlined in Table 2. The concentration of wine lees used was 20% v/v and the initial pH was adjusted to 6. At certain time intervals, samples were withdrawn from the cultures for measurements of biomass production, reducing sugar consumption, laccase activity, decolorization of wine lees, and dephenolization of wine lees. This experiment lasted 10 days.




2.7. Effect of Glucose Concentration


Different glucose concentrations (10 g/L, 20 g/L, 30 g/L, 40 g/L, and 50 g/L) were added to the growth medium outlined in Table 2. The wine lees and yeast extract concentrations were 20% v/v and 20 g/L, respectively. The initial pH was adjusted to 6. At certain time intervals, samples were withdrawn from the cultures for measurements of biomass production, reducing sugar consumption, laccase activity, decolorization of wine lees, and dephenolization of wine lees. This experiment lasted 14 days.




2.8. Scale up for Biomass and Laccase Production in a 3.5 L Stirred Tank Bioreactor


A 3.5 L stirred tank bioreactor (Ralph, Bioengineering) was used to scale up the process at the optimum growth conditions. The wine lees concentration, yeast extract concentration, glucose concentration, and pH were 20% (v/v), 20 g/L, 30 g/L, and 6, respectively. The rest of the nutrients were supplemented, as shown in Table 2. The working volume was 2 L; the inoculum size was 5% (v/v) from a well grown pre-culture. The agitation was adjusted to 200 rpm; aeration was employed at 2 vvm, and a temperature of 28 °C was also maintained. This experiment lasted 11 days, and biomass production, reducing sugars, laccase activity, dephenolization, and decolorization were measured in the final samples.




2.9. Purification of the Produced Laccase


The crude laccase was precipitated using ammonium sulfate. For this procedure, 80% ammonium sulfate was added to the supernatant containing the produced laccase and incubated overnight at 4 °C. After incubation, the sample was centrifugated at 9500 rpm for 10 min at 4 °C. The supernatant was discarded, whereas the precipitated laccase was diluted to 10 mM phosphate buffer pH 8.0.



Further purification of the enzyme was achieved after desalting the above-precipitated enzyme using a PD-10 desalting column packed with Sephadex G-25 (GE Healthcare, Chicago, IL, USA), using Tris-HCl pH 8.0 buffer. After that, the enzyme was purified using anion exchange chromatography on a fast protein liquid chromatography (FPLC) system (ÄKTA pure, Cytiva, Marlborough, MA, USA). The protein was separated using a HiTrap Q HP column (Cytiva, USA) and washed with 10 column volumes of a 50 mM Tris-HCL pH 8.0 buffer, and the bound proteins were eluted at a flow rate of 1 mL/min with a two-step linear gradient ranging from 0 to 0.5 M NaCl for 30 column volumes and from 0.5 M to 1 M NaCl for 10 column volumes.




2.10. SDS-Polyacrylamide Gel Electrophoresis


The Weber and Osborn method was used to check the homogeneity of the enzyme preparation via SDS-PAGE. The separating gel was 12% acrylamide in 1.5 mol/L Tris·HCl buffer pH 8.8, and the stacking gel was 5% acrylamide in 0.1 mol/L Tris·HCl buffer pH 6.8. The molecular weight marker used was supplied from Nippon Genetics, with different colors and distinct size ranges from 6.5 kDa to 270 kDa. The gel was run at a constant current of 20 mA in a Tris/glycine running buffer using a BIO-RAD miniPROTEAN tetra system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The gel was stained with Coomassie blue and destained to observe the protein bands. The molecular weight of the enzyme was determined according to the band of the marker [15].




2.11. Biomass and Reducing Sugars Determination


Two different methods were used for biomass determination. The first was that of filtration under vacuum, through a Millipore cellulose filter (0.45 μm), as previously described [7]. When the viscosity of the sample was very high, the freeze-drying method was employed, as previously described [8]. Reducing sugar concentrations were determined using the DNSA method by Miller, as previously described [8,16].




2.12. Intracellular and Secreted Protein Estimation


For intracellular protein estimation, 2 mg of lyophilized biomass was disrupted via ultrasonication at 40% intensity (8 kHz) and 80% pulse for 6 min, as previously described [7,8]. Proteins were quantified using the BCA method (Pierce™ BCA protein assay kit), according to the manufacturer’s instructions, using bovine serum albumin as a standard [17,18]. Essential amino acids were determined after chemical hydrolysis of the biomass with 6 M HCl at 110 °C using dabsyl derivatives and quantified in an HPLC unit (Shimadzu, Kyoto, Japan) with a photodiode array detector and a reversed-phase C18 column (mBondapack, Waters Ireland), as described previously [7]. Secreted, in the supernatant, protein was estimated using the Bradford method. Specifically, 200 μL of the supernatant was added to 800 μL of Bradford reagent. After 10 min of incubation at room temperature, the absorbance was measured at 595 nm using a UV–visible spectrophotometer JASCO, V-730, (JASCO, Easton, MD, USA. The protein was quantified using a bovine serum albumin standard curve [19,20].




2.13. Determination of Laccase Activity


Laccase activity was determined using the ABTS oxidation method. A stock of 20 mM ABTS was prepared and kept in the dark. A proper volume of supernatant and acetate buffer (100 mM and pH 4.58) were mixed and added to a 96-well microplate. ABTS was added to the wells to reach a final concentration of 2 mM in the reaction. The reaction was measured at 405 nm (εABTS+ = 36,000 M−1 cm−1) for 10 min at 35 °C using a microplate spectrophotometer (Multiskan Spectrum, Thermo Fisher Scientific, Waltham, MA, USA). One unit was defined as the amount of the enzyme that oxidizes 1 µmol of ABTS per min. The enzyme activity was expressed in Units/mL of culture [21,22].




2.14. Thermal and pH Activity of the Produced Enzyme


The optimum temperature and pH that were used for laccase activity determination were chosen from the thermal and pH activity experiments. The optimum temperature of the enzyme was measured using the ABTS oxidation method at 20 °C, 25 °C, 30 °C, 35 °C, 40 °C, 45 °C, 50 °C, 55 °C, 60 °C, 65 °C, 70 °C, 75 °C, 80 °C, and 85 °C using a UV–visible spectrophotometer (JASCO, V-730). The optimum pH was studied using the ABTS oxidation method and buffers with different pH levels (4, 4.5, 5, 6, and 7), and the enzyme activity was determined as described in Section 2.13. The laccase activity was expressed as relative activity (%), in which the maximum enzyme activity was expressed as 100%.




2.15. pH Stability and Thermal Stability of the Purified Laccase


To determine the pH stability of the produced laccase, the enzyme was diluted in buffers with different pH levels (4, 5, 6, 7, and 8) and incubated at 28 °C and 150 rpm. Samples were withdrawn at specific times to determine the remaining activity of the enzyme through the ABTS oxidation method, as described in Section 2.13.



The thermal stability of the produced enzyme was tested using different temperatures, 4 °C, 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C, diluted in buffer with pH 4.5. Samples were withdrawn at specific times to determine the remaining activity of the enzyme through the ABTS oxidation method, as described in Section 2.13.



Storage stability of the produced enzyme was tested with a dilution of the enzyme at a buffer of pH 8.0 and incubation at 4 °C. Samples were withdrawn at specific times to determine the remaining activity of the enzyme through the ABTS oxidation method, as described in Section 2.13.




2.16. Determination of Activation Energy


The activation energy (Ea) was determined using the data from the thermal activity experiment at temperatures ranging from 20 °C to 60 °C and using the Arrhenius plot curve. The slope of a linear plot of 1/T vs. Ln[Vo] is equal to Ea/R, where R is the gas constant (8.314 J/K mol) [23].




2.17. Thermodynamics of Laccase Stability


Data from thermal stability were used to estimate the deactivation rate constant (kd). The deactivation rate was related to the residual activity. kd was calculated from the plots of Ln([E]t/[E]0) vs. t, where t is the incubation time, [E]0 is the initial enzyme activity, and [E]t is the enzyme activity at time ‘t’. The energy (E(a)d) involved in the deactivation process was calculated from the slope of a linear plot of 1/T vs. Ln(kd), as described in a previous section [23].



The half-life and the value for the time needed to maintain 10% of the initial activity (D) were calculated using the below equations:


    t   1 / 2   =   l n ⁡ ( 2 )     k   d      



(1)






  D =   l n ⁡ ( 10 )     k   d      



(2)







Laccase inactivation can be described using a first-order kinetics model, and the thermodynamic parameters of inactivation were determined through Eyring’s absolute rate equation derived from the transition state theory [24]. For ΔH*, ΔG*, and ΔS*, where ΔH* is the enthalpy of inactivation (J mol−1), ΔS* is the entropy of inactivation (J mol−1 K−1), and ΔG* is the free energy of inactivation, the following equations apply:


    Δ H   ∗   =   E ( a )   d   − R T  



(3)






    Δ G   ∗   = − R T l n     k   d   × h   k T    



(4)






    Δ S   ∗   =     Δ H   ∗   −   Δ G   ∗     T    



(5)




where T is the absolute temperature (K), h is the Planck’s constant (6.626 × 10−34 J s), k is the Boltzmann’s constant (1.38 × 10−23 J K−1), and R is the universal gas constant (8.314 J mol−1 K−1).




2.18. Decolorization of Wine Lees


Decolorization was estimated with measurement of the absorbance of the supernatant at 525 nm. Equal volumes (100 μL) of sample and phosphate buffer 50 mM pH 7.0 were added in a 96-well microplate, and a microplate spectrophotometer (Multiskan Spectrum, Thermo Fisher Scientific, Waltham, USA) was used to measure the absorbance [25]. The decolorization rate was estimated according to the equation below:


  D e c o l o r i z a t i o n   r a t e     %   =     A 525 n m   t 0   −   A 525 n m   t 1       A 525 n m   t 0     × 100  



(6)








2.19. Determination of Total Phenolic Content


Total phenolic content was measured using the Folin–Ciocalteu method, as described by Box et al., 1983, with slight modifications [26]. Specifically, 165 μL of ddH2O was mixed with 5 μL of culture supernatant in a 96-well microplate. Ten microliters of Folin–Ciocalteu reagent was added, and the microplate was incubated for 3 min at room temperature. After the incubation, 20 μL of 20% Na2CO3 was added, and the microplate was incubated for 1 h in the dark. The absorbance was measured at 725 nm using a Multiskan Spectrum (Thermo Fisher Scientific, Waltham, MA, USA) microplate spectrophotometer. Blank samples were also prepared using 170 μL of ddH2O, 10 μL of Folin–Ciocalteu reagent, and 20 μL of 20% Na2CO3. Total phenolic concentrations (mg/mL) were estimated using a gallic acid standard curve. The dephenolization rate was estimated according to the equation below:


  D e p h e n o l i z a t i o n   r a t e     %   =     T o t a l   p h e n o l i c s   (   m g   m L   )   t 0   −   T o t a l   p h e n o l i c s   (   m g   m L   )   t 1       T o t a l   p h e n o l i c s   (   m g   m L   )   t 0     × 100  



(7)








2.20. Total Lipid Estimation


Total lipids were measured from lyophilized biomass with 2:1 (v/v) chloroform: methanol extraction using a modified Folch method, as described previously [7,27].




2.21. Carbohydrate Estimation


Total carbohydrate extraction from fungal biomass was achieved according to a modified protocol by Visca et al. [7,28]. Intracellular polysaccharides were extracted from 5 mg of biomass, similar to the intracellular protein extraction procedure described in Section 2.12. The supernatant with the intracellular components was precipitated with absolute ethanol (1:4 v/v) and incubated overnight at 4 °C. After incubation, the samples were centrifugated at 6000 rpm for 10 min and the supernatant was discarded. Total carbohydrates, as well as intracellular polysaccharides (IPSs), were determined using the phenol–sulfuric acid assay according to Dubois et al., using glucose as a standard [29].




2.22. Statistical Analysis


The data were expressed as mean ± standard deviation from experiments that were conducted in triplicate. All statistical analyses were conducted using IBM SPSS statistics (version 28.0.1.0, IBM Corporation, Armonk, NY, USA), using the one-way analysis of variance (ANOVA) statistical test with Tukey’s multiple range test (with p-values < 0.05 being regarded as significant).





3. Results


3.1. Effect of Growth Medium Initial pH on Biomass and Laccase Production


Laccase production, biomass production, glucose consumption, decolorization, and dephenolization of wine lees after 8 days of cultivation are presented in Table 3. The fungus grew well at all pHs tested, with the best growth observed at pH levels 5 and 6, reaching a maximum biomass production up to 11.4 g/L dry weight. Laccase activity was also reached at 12.4 ± 1.5 Units/mL and 10.2 ± 1.5 Units/mL at initial pH levels of 6 and 5, respectively. Glucose consumption was 62% and 54% at initial pH levels of 5.0 and 6.0, respectively. The decolorization of wine lees was higher at pH 7 (82.3%), while dephenolization was better at the initial pH of 5 (77.4%).




3.2. Effect of Wine Lees Concentration


As shown in Figure 1, the fungus was capable to grow up to 60% (v/v) wine lees. After this point, an inhibition of growth was observed, whereas in 100% v/v condition growth was not observed. Biomass reached its highest value for 5% and 10% at day 6 of cultivation, with values of 9.52 ± 0.93 g/L and 10.40 ± 0.83 g/L, respectively. Concerning 20%, 40%, and 60% of wine lees concentration conditions, maximum values were observed on the 10th day of cultivation, with values of 9.75 ± 1.6 g/L, 10.0 ± 1.5 g/L, and 7.05 ± 1.3 g/L, respectively. The lag phase lasted for two days for 5%, 10%, and 20% wine lees concentrations conditions, whereas for 40% and 60%, these conditions lasted for four days.



Concerning laccase production, maximum laccase activity was observed at 20% v/v of wine lees concentration condition, with a value reaching 14.1 ± 0.1 Units/mL (p ≤ 0.05). The 40% v/v and 10% of wine lees concentrations follow, with values of 4.3 ± 2.4 and 6.3 ± 1.3, respectively (p ≥ 0.05) (Table 4). Glucose consumption was almost total when 5%, 10%, and 20% v/v of wine lees were used in the growth medium. In the other tested conditions, the consumption of glucose was less, while the wine lees concentration was increased in the cultivation medium. The decolorization and dephenolization of wine lees reached high values and were maximized under the 40% v/v condition, reaching values of 81.40 ± 0.07% and 83.20 ± 0.01%, respectively. The 20% and 40% v/v wine lee conditions follow, as shown in Table 4.




3.3. Effect of Yeast Extract Concentration


As shown in Figure 2, the fungus produced laccase after the first two days of cultivation. Laccase activity reached its maximum value for 20 g/L and 15 g/L YE on the 8th day of cultivation, with values up to 78.5 ± 8.4 Units/mL and 74.8 ± 5.5 Units/mL, respectively (p ≥ 0.05). After that time, the enzyme activity was slightly decreased. The YE concentration of 10 g/L reached a value of 46.4 ± 6.3 Units/mL after six days of cultivation, and after that time, laccase activity also decreased. YE concentrations of 2.5 and 5 g/L presented the lowest laccase activity.



Concerning biomass production, YE concentrations above 5 g/L favor biomass production, with a 20 g/L YE concentration being able to reach a value of 20.9 ± 0.5 g/L, as shown in Table 5. Glucose was almost totally consumed for all the cultivation conditions except for the 2.5 g/L YE condition. The decolorization of wine lees was at its maximum at 2.5 g/L YE (93.2 ± 0.025%) followed by the 5 g/L and 10 g/L YE concentrations, with values over 90%. Dephenolization of wine lees reached its maximum value when 20 g/L YE was added in the cultivation medium (91.70 ± 0.01%), but in all the studied conditions the dephenolization rate was high (above 85.7%).




3.4. Effect of Glucose Concentration


Laccase production was at its maximum for the 30 g/L, 40 g/L, and 50 g/L glucose concentrations, reaching a maximum value up to 74.6 ± 4.0 Units/mL on the 10th day of cultivation (Figure 3). After that time, laccase activity remained stable. A glucose concentration of 20 g/L reached its maximum value after 14 days of cultivation (60.8 ± 2.0 Units/mL), whereas 10 g/L presented the lowest activity, reaching a maximum value of 19.1 ± 1.8 Units/mL, and after that, enzyme activity was decreased.



As shown in Table 6, P. ostreatus LGAM 1123 produces over 20 g per liter of biomass for all glucose concentrations tested except from 10 g/L. Biomass production was at its maximum, with no statistically significant differences for the 40 g/L and 50 g/L concentrations, with values of 23.6 ± 1.0 g/L and 24.6 ± 2.5 g/L, respectively. A glucose concentration of 30 g/L followed, reaching a value of 20.7 ± 1.3 g/L. Glucose was almost totally consumed for all the cultivation conditions except 50 g/L. Decolorization was high for all the cultivation conditions and reached values up to 97.30 ± 0.01% for glucose concentrations above 30 g/L. Dephenolization was also high for all the cultivation conditions, with values over 85.70 ± 0.01% having been measured.




3.5. Scale up in a 3.5 L Stirred Tank Bioreactor


A two liters medium containing 20% (v/v) wine lees, 20 g/L yeast extract, and 30 g/L glucose was used. The maximum laccase activity of 54.8 ± 1.8 Units/mL was obtained on the 11th day of cultivation. Glucose was almost totally consumed (95.8 ± 0.01%), and biomass production reached a maximum value of 22.5 ± 0.5 g/L. Decolorization and dephenolization reached values of 97.2 ± 0.5% and 80.80 ± 0.02%, respectively. The final biomass composition revealed a high content of protein in the mycelium (42.8 ± 2.4%) with 16.4 ± 0.1% of essential amino acids, as shown in Table 7. Carbohydrates and lipids were the second most abundant compounds in the produced biomass.




3.6. Biochemical and Thermodynamic Characterizations of Purified Laccase


3.6.1. Laccase Purification


A part of the produced laccase (0.5 L) was precipitated with 80% ammonium sulfate to partially purify the enzyme. The recovery of the precipitated laccase was 98.6% with a purification yield of 1.4, as shown in Table 8. The anion exchange purification step resulted in a 4.4 purification fold and in a 44.3% recovery. As depicted in Figure S1 in the Supplementary Materials, laccase before anion exchange purification presented a couple of bands, with the main band observed at ~62 kDa. The presence of a single band in the anion lanes 1 and 2 clearly indicated that the enzyme preparation is pure after the anion exchange purification step, and the determined relative molecular weight was ~62 kDa. The FPLC chromatograph for purification of laccase by HiTrap Q HP (Cytiva, USA) is presented in Figure S2.




3.6.2. Effect of pH and Temperature on Laccase Activity


The optimum pH of laccase activity was 5.0. At pH 6.0, the activity decreased to more than 50% of the optimal activity, while at pH levels 8 and 4, the enzyme activity decreased by 83% and 90%, respectively (Figure 4a). The optimum temperature for laccase activity, as shown in Figure 4b, was 70 °C. The temperatures close to this value maintained high rates, with values of 89.8 ± 0.8% and 90.0 ± 2.8% for 60 °C and 55 °C having been measured, respectively.




3.6.3. Thermostability and pH Stability


Laccase presented the highest stability at pH 8.0 (Figure 5a). The enzyme at this pH retained 60% of its activity after four days of incubation at 28 °C. Under the same conditions at pH 7, the laccase lost over 85% of its activity, while after two days of incubation the loss of activity was over 40%. At the optimal pH for enzyme action (5.0), pure laccase presented very low stability at 28 °C, as it retained about 50% of its activity for only 6 h, while after 24 h it lost more than 90% of its initial activity.



Thermal stability of the purified enzyme (Figure 5b) revealed that temperatures over 30 °C had a very negative impact on the stability of the enzyme, with the remaining activity retained over 50% for the first two hours at 30 °C, and for only one hour at 40 °C and 50 °C, whereas at 60 °C the relative activity was almost zero. In contrast, at 20 °C, the remaining activity was over 50% for the first 8 h, while at 4 °C the enzyme presented its maximum stability. A remaining activity level of 64.8 ± 6.2% after three days of incubation was obtained.



The stability of purified laccase at 4 °C in a buffer of pH 8.0, the most stable one, as described in the pH stability test above, is presented in Figure 5c. As we can observe, the enzyme can be stored, and keeps a high relative activity level of 78.0 ± 5.7% after thirty days of incubation.




3.6.4. Thermodynamics


The activation energy of the purified laccase was calculated with the help of Arrhenius plot, as shown in Figure 6. The Ea was calculated as 20.0 ± 0.17 kJ/mol.



In addition, P. ostreatus LGAM 1123 laccase was found to have a significantly high E(a)d value of 76.0 ± 1.2 kJ/mol, as calculated according to the Figure S3. Enzymes with higher E(a)d values are more resistant to thermal inactivation. Also, the half-life value and D-value, along with the thermodynamic parameters, such as ΔG, ΔH, and ΔS, were calculated for the purified laccase (Table 9). As we can see, the half-life and D values decreased with the increase in the temperature; for example, only 0.26 ± 0.01 (h−1) and 0.86 ± 0.05 (h−1) hours were needed at 60 °C, whereas at 20 °C the values were 14.8 ± 0.3 (h−1) and 49 ± 1 (h−1), respectively. The Gibbs free energy (ΔG*) increased with the increase in the temperature, which indicated that enzymatic reactions are more feasible under lower temperatures. The positive values also indicate the non-spontaneity of its thermal denaturation. The small differences in the ΔH* values (74.3–73.8 kJ mol−1, p < 0.05) means that only a few extra non-covalent linkages, including hydrophobic interactions, should be disrupted towards the creation of the transition state for the enzyme inactivation, as the temperature has been increased. Entropy (ΔS*) is a key factor for the destabilization of enzyme bonds; in this work, the entropy values were negative. The thermal stability of the purified laccase was proved by the negative values for ΔS*, the decrease in ΔH*, and increase in the ΔG* values [30].






4. Discussion


In this work, wine lees were used as substrates for biomass and laccase production by P. ostreatus LGAM 1123. Concerning the effect of initial pH on biomass and laccase production, our results have shown that an initial pH of 6 was the optimum for laccase and biomass production, reaching values of 12.4 ± 1.5 Units/mL and 11.4 ± 2.0 g/L, respectively. The initial pH of 8 revealed the lowest laccase activity by the fungus. Results from other studies have indicated that a lower initial pH is ideal for laccase production by P. ostreatus submerged cultivation. A study for gene expression profiles of laccase from P. ostreatus has shown that the highest activity was achieved at pH 4.5, whereas the lowest one was observed at pH 8.5, in a similar way to our results, while the highest biomass production was achieved at pH 6.5 [31]. In another study, the optimum pH for laccase production by P. ostreatus was, in a range between 4.0 and 8.0, found to be 5.5 [32]. A study for laccase production by Trametes pubescens in distillery wastewaters has shown that even a small change of 0.5 units from the optimum pH 5.0 decreased laccase synthesis by more than 40% [33]. From other studies involving different fungi species, the optimum initial pH was found to be 5.2 for Trameter versicolor, 5.5 for Botryosphaeria rhodina, 7.5 for Streptomyces psammoticus, and 8.5 for Monotospora sp. [34,35,36,37].



The next step was to investigate the capability of P. ostreatus LGAM 1123 to be cultivated in a wide range of wine lees concentrations. Our results have shown that our strain could be grown well until a concentration of 60% wine lees, while in the wine lees concentration of 100%, growth was not observed. The optimum wine lees concentration for biomass production was found to be 40%, with a value of 10.0 ± 1.5 g/L. Similar to our results, two studies from Strong et al. have indicated that a concentration of wine lees greater than 40% inhibits the growth of Trametes pubescens [25,33]. Maximum laccase activity was observed at 20% v/v of wine lees concentration condition, with a value reaching 14.1 ± 0.1 Units/mL (p ≤ 0.05). A Trametes pubescens submerged cultivation at a wine lees concentration of 40% has revealed a maximum laccase production of 3 Units/mL, while the combination of 30% wine lees, glucose, copper, and 2.5 xylidine improved the laccase yield, reaching a value of 25 Units/mL [25,33]. In another wine wastewater, grape pomace, supplemented in the medium with 40 g/L, utilized by Elisashvilli et al. (2009), reached an activity of 0.75 Units/mL for a submerged cultivation of Pleurotus ostreatus. Concerning the decolorization and dephenolization of wine lees, our results indicate that their maximum values were reached under a 40% v/v condition (81.4 ± 0.071% and 83.2 ± 0.002%, respectively). Also, in a study involving a submerged cultivation of Trametes pubescens with 40% of wine lees, the decolorization rate that was observed reached a value up to 90%, while dephenolization was also maximized at 40% wine lees supplemented in the medium, with a value of 87.0 ± 1.6%. In 30% of a wine lees medium, the dephenolization rate was 78.0 ± 1.0%.



The influence of yeast extract concentration on biomass and protein production for the same strain has already been studied by our group, revealing that the optimum biomass production achieved was 28.9 g/L when concentrations of glucose and yeast extract were 54.14 g/L and 17 g/L, respectively [7]. In this study, the YE concentration was studied to reveal the effect on biomass and laccase production using wine lees as substrates. Laccase activity reached its maximum value for 20 g/L and 15 g/L YE on the 8th day of cultivation, with values up to 78.5 ± 8.4 and 74.8 ± 5.5 Units/mL, respectively (p ≥ 0.05). Concerning biomass production, 20 g/L YE concentration was the optimum, reaching a value of 20.9 ± 0.5 g/L. Decolorization of wine lees was at its maximum at 2.5 g/L YE (93.2 ± 0.025%), while the dephenolization rate reached its maximum value when 20 g/L YE was added in the cultivation medium (91.7 ± 0.013%). The ability of YE to induce laccase production by fungi has also been confirmed by Niladevi et al., 2008 and Zhu et al., 2006 [36,38]. The presence of 0.5%, 1%, and 2% of YE has shown a 7.5-, 16.5-, and 18.9-fold increase under a submerged cultivation of P. ostreatus, respectively [38]. A study for the effect of nutritional factors and copper on the regulation of laccase enzyme production in P. ostreatus has shown that YE was the best nitrogen source compared to ammonium sulfate for biomass and laccase production. A combination of 10 g/L YE and 20 g/L leads to a biomass production of 7.0 ± 0.8 g/L and a laccase activity of 2.3 ± 0.7 Units/mL. Response surface methodology revealed that 45 g/L glucose and 15 g/L YE was the best combination for biomass production and laccase production, while copper addition only exhibited an effect on laccase production [39]. Finally, Prasad et al., 2005 have shown that 0.5% YE was the optimum concentration for laccase production by P. ostreatus, reaching a value of 322.1 Units [32].



The final factor that was tested for biomass and laccase production by P. ostreatus LGAM 1123 using wine lees as substrates was the effect of glucose concentration. Laccase production increased until a glucose concentration of 30 g/L was used, while glucose concentrations of 40 g/L and 50 g/L also presented high activity levels but with no statistically different increases compared to that of 30 g/L. Biomass was at its maximum for 40 g/L and 50 g/L of glucose concentration, with values of 23.6 ± 1.0 g/L and 24.6 ± 2.5 g/L, respectively, and a glucose concentration of 30 g/L followed, reaching a value of 20.7 ± 1.3 g/L. The increase in laccase activity until a glucose concentration of 30 g/L was used and the constant values under higher concentrations were also confirmed by a study of P. ostreatus cultivation for laccase production in solid-state and submerged fermentations [40]. The importance of the initial glucose concentration in laccase production has also been confirmed by a study for laccase production by Trametes versicolor in a bioreactor using a statistical experimental design, indicating that initial glucose was the second most important factor after the initial pH. An initial glucose concentration of 11 g/L and a pH of 5.2 were found to be the optimum for laccase production, with a laccase activity of 11.4 Units having been observed [34]. In contrast, other studies have shown that an increase in glucose concentration over the value of 30 g/L resulted in a decrease in laccase activity. For example, a study for P. ostreatus has shown an increase of 1.7 times of laccase activity when the glucose concentration was increased from 0.5% to 1.5% [32]. In addition, a Trametes versicolor strain was found to achieve its maximum laccase activity (650 Units/L) under the carbon limitation condition, and the increase in the concentration of glucose in the cultivation medium has led to a decrease in laccase activity [41].



To scale up biomass and laccase production, the optimum conditions found were used. The maximum values that were observed were a laccase activity of 54.8 ± 1.8 Units/mL, a biomass production level of 22.5 ± 0.5 g/L, decolorization of 97.2 ± 0.5%, and dephenolization of 80.80 ± 0.02%. In similar studies using wine lees as substrates for Trametes pubescens cultivation, at growth conditions of 40% wine lees, pH 4.5, 10 g/L glucose, and 2 g/L YE laccase activity only reached 2.93 Units/mL, with a decolorization rate of 82.0 ± 1.6%, and a dephenolization rate of 87.0 ± 1.6% [25]. When the wine lees concentration was the same as that used in our study, laccase activity reached 2.13 Units/mL, decolorization 90.0 ± 0.9%, and dephenolization 81.0 ± 1.0% [25]. Another study for the same strain by Strong et al. (2011), with wine lees at a concentration of 30%, has shown that only with a combination of glucose, 20 g/L copper, and a three-time dosage of xylidine at an initial pH of 5.0 resulted in higher level of laccase activity, with a value up to 25 Units/mL. Our study presents a higher dephenolization rate, and from a study of P. ostreatus using grape pomace as a substrate, its value reached only 68%, while the laccase production maximum value was 4447 U/g of substrate, and the biomass reached a value of 0.42 ± 0.01 g/g substrate [42]. Our values for dephenolization and decolorization were close to that published by Diamantis et al. for Pleurotus pulmonarius in Olive mill wastewater, with the observed values ranging from 87% to 95% for dephenolization and from 70% to 85% for decolorization [43]. Focusing on laccase production, our study revealed higher laccase production levels in comparison with other studies for Pleurotus ostreatus involving cultivation on 20 g/L tomato pomace and 1 g/L ammonium sulfate (0.147 Units/mL), cultivation on 20 g/L glucose and 5 g/L peanut shell (5 Units/mL), cultivation on 20 g/L glucose and 5 g/L bagasse (15 Units/mL), cultivation on 20 g/L glucose and 5 g/L tea leaflets (30 Units/mL), and cultivation on 20 g/L glucose and 5 g/L orange peel (45 Units/mL) [14,44]. Only for other fungi strains has laccase activity reached higher values, such as for Ganoderma lucidum 447 using wheat bran and soy bran as substrates, with values of 973 Units/mL and 93.8 Units/mL, respectively [45].



Final biomass composition produced by P. ostreatus LGAM 1123 using wine lees as substrates revealed a high protein biomass consisting of 42.8 ± 2.4% of total protein and 16.4 ± 0.1% of essential amino acids. Carbohydrates and lipids were the second richest bioactive compound in biomass, with values of 29.4 ± 2.7% and 29.5 ± 2.7%, respectively. Comparisons with a study for a Pleurotus pulmonarius submerged cultivation in olive mill wastewater biomass consisted of 11.7% lipids and 14.7% of intracellular polysaccharides. Results from our group for the same strain for single-cell protein production in a glucose-based medium have shown slightly different biomass compositions with total protein 38.0 ± 2.1%, total carbohydrates 50.9 ± 2.8%, and lipids 2.0 ± 0.1%, indicating that wine lees as substrates enhance the composition of lipids and reduce carbohydrate production. The protein content was lower, and for a study of Pleurotus ostreatus, Lentinula edodes, and Ganoderma lucidum cultivation with grape marc as a substrate, it reached values of 17.6%, 18.9%, and 17.5%, respectively.



The purification step of the produced laccase has shown that after the ammonium sulfate precipitation treatment, a purification fold of 1.4 and a recovery of 98.6% have been observed. After anion exchange chromatography, the purification fold reached 4.4, and a recovery of 44.3% was also observed. The SDS-PAGE electrophoresis revealed a clear band at about 62 kDa. A study for the laccase isoenzyme poxA1b produced by P. ostreatus revealed that the molecular weight of the expressed enzyme was 62 kDa. After anion exchange and gel filtration purification, the recovery of the enzyme was much lower to ours, with a value of 15% having been measured [46]. In another study for laccase production of Pleurotus ferulae, a laccase with a molecular weight of 66 kDa was expressed, and the purification process after ammonium sulfate treatment and anion exchange chromatography has shown a purification fold of 1.94 and a recovery of 40.6% [47]. A higher purification fold and recovery were observed for a 68.2 kDa laccase that was expressed from the P. ostreatus HP1 strain after ammonium sulfate treatment and anion exchange chromatography. The purification fold and recovery reached values of 13.3 and 77.6%, respectively [48]. In addition, the same purification steps led to a 16-purification fold and 66% recovery for laccase with a molecular wight of 55 kDa from P. ostreatus [49]. Other laccases from the Pleurotus sajor-caju strain, with molecular weights of 61 kDa and 90 kDa, revealed an 8.4 purification fold and 72.1% recovery, and a 10.7 purification fold and 3.5% recovery, respectively. According to the scientific literature, 12 laccases genes have been identified in P. ostreatus strains with a wide range of molecular weights. Some of them include 40 kDa, 55 kDa, 57 kDa, 59 kDa, 61 kDa (laccase poxA1), 62 kDa (lacc6), and 67 kDa (lacc pox A2) [31,50]. Our results could suggest that the produced laccase from P. ostreatus LGAM 1123, using wine lees as substrates, was due to an overexpression of the lacc6 gene, but further analysis is needed.



Characterization assays of the purified laccase have shown that the optimal pH of the enzyme for the ABTS assay was five. The increased activity at a more acidic pH has been confirmed by other studies. A pH level of 4.5 was the best for the ABTS assay, in a study conducted by Patel et al. (2014), in laccase produced by P. ostreatus HP-1 using solid-state cultivation [48], whereas laccase produced by P. ostreatus grown on tomato pomace and Pleurotus ferulae exhibits its maximum level of activity at pH 3.0 for the ABTS assay [44,47]. Bettin et al. (2011) have shown three different optimal pH values of 2.4, 3.2, and 4.4, for the ABTS assay, probably due to the three different isoforms of the produced laccase [50]. Murugesan et al. (2006), also for the ABTS assay, observed a value closer to ours, with their best activity observed at pH 4.5–5.0 [51]. Concerning thermal activity, our laccase presented its highest activity at a very high temperature of 70 °C, in a similar way to a study conducted for Pleurotus ferulae laccase, using ABTS as a substrate, in which the optimum temperature ranged from 50 to 70 °C [47]. Other studies have shown optimum temperatures of 37 °C using 2, 6-dimethoxyphenol as the substrate, 40 °C and 45 °C using ABTS as the substrate, and 50 °C using both guaiacol and ABTS as their substrates [44,49,50,51,52]. According to the thermal stability results, laccase was also stable until 30 °C for 8 h and for three days at 4 °C in acetate buffer pH 4.58 using ABTS as a substrate. P. ostreatus HP-1 laccase, using ABTS as its substrate, has shown that it can be stable for months at −4 °C, for 18 h at 30 °C, for 5 h at 40 °C, and for only 10 min at 50 °C [48]. Also, in other studies, laccase was inactivated in temperatures over 50 °C [47,49,50,51]. Ding et al. (2014) revealed a remaining activity of 70% during a 9 h incubation below 40 °C and a 54% remaining activity level for a 7 h incubation at 50 °C for laccase using ABTS as a substrate [47]. From the pH stability test at 28 °C, pH 8.0 was the most stable pH, with a relative activity of up to 60% after four days of incubation. More alkaline pH levels ranging from nine to eleven seemed to be more stable for another P. ostreatus laccase study, which used guaiacol as a substrate [49].



The activation energy of the purified laccase was calculated as 20.00 ± 0.17 kJ/mol using ABTS as a substrate; this value is close to one obtained for laccase produced by P. ostreatus ATCC 56270 (16.3 kJ/mol), whereas another study for P. ostreatus laccase revealed a higher activation energy of 27.06 kJ/mol, which also used ABTS as its substrate [53,54]. A much lower activation energy was calculated for Pleurotus florida laccase using guaiacol as a substrate, 3.9 kJ/mol, whereas 12 kJ/mol was reported for P. sajor-caju laccase using ABTS as its substrate [55,56]. Our enzyme’s activation energy indicates a more effective hydrolytic capacity. In addition, the inactivation energy of the purified enzyme was calculated as 76.0 ± 1.2 kJ/mol. This value is slightly lower than the one derived for a Trametes pubescens laccase (109.36 kJ/mol) and for a laccase from Trametes versicolor (200 kJ/mol) using ABTS as its substrate [57,58]. Laccases from different strains, such as P. cinnabarinus, T. villosa, and M. thermophila, have presented inactivation energies ranging from 106 kJ mol−1 to 123 kJ mol−1 [57]. A high inactivation energy delays conformational changes in enzymes at high temperatures. Concerning Gibbs free energy (ΔG), our study presented higher values in contrast to a study for a T. pubescens laccase (85.8–84.5 kJ/mol) [58]. In contrast, our ΔH* and ΔS* values were lower than the one derived for a T. pubescens laccase (ΔH*: 106.7–106.5 kJ/mol; ΔS*: 64.6–64.2 kJ/mol). This indicates that a lower level of energy is required to break down the enzyme’s stability, and that the destabilization of enzyme bonds is easier to achieve [58]. The negative values of ΔS* has also been reported in other studies for different enzymes, such as laccase from D. flavida, lipase from B. cepacian, and palatase from R. miehei [59,60]. It has also been suggested that negative values correlated more with an unfolded transition state in contrast to a ground-state native structure [59].




5. Conclusions


Summarizing the above results, we could state that wine lees are high-value substrates for biomass and laccase production by P. ostreatus LGAM 1123. Investigating the optimum conditions, such as wine lees concentrations, initial pH, nitrogen source concentration, and carbon source concentrations, could lead to higher enzyme and biomass yields. Using wine lees as substrates led to a very high enzyme activity of about 80 Units/mL, whereas the decolorization and dephenolization rates of wine lees were over 90%. In addition, an increase in protein biomass production, of 24.6 g/L with a 43% protein content, and a high content of essential amino acids were accomplished. The optimum conditions were used for scaling up in a 3.5 L stirred tank bioreactor. The produced laccase was purified 4.4 times, and the enzyme’s molecular weight was determined to be 62 kDa. Enzyme activity was higher at pH 5.0 and 70 °C, whereas the enzyme was stable at pH 8.0 and at a temperature above 40 °C. Finally, the activation energy of the enzyme was calculated as a value of 20.00 ± 0.17 kJ/mol, while the inactivation energy was calculated to be 75.1 ± 1.1 kJ/mol. The ability to produce a value-added enzyme that would be useful for the industry, from a toxic sidestream for the environment, such as wine lees, but also to achieve a high single-cell protein production is an ideal biorefinery project that could reinforce the circular economy. However, further analysis of the produced enzyme to find the gene that is overexpressed by wine lees on P. ostreatus LGAM 1123 submerged cultivation are needed.
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Figure 1. Biomass production under different wine lees concentrations for P. ostreatus LGAM 1123. The circle symbol line denotes 100% wine lees; the square symbol line represents 60% wine lees. The open triangle symbol line denotes 40% wine lees; the triangle symbol line represents 20% wine lees. The open square symbol line denotes 10% wine lees; the open circle symbol line represents 5% wine lees. 
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Figure 2. Time course for laccase production using different yeast extract concentrations for P. ostreatus LGAM 1123. Notes: 20 g/L YE (circle line), 15 g/L YE (open circle symbol line), 10 g/L YE (square symbol line), 5 g/L YE (open square symbol line), and 2.5 g/L YE (triangle symbol line). 
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Figure 3. Time course for laccase production using different glucose concentrations for P. ostreatus LGAM 1123 submerged cultivation. Notes: 50 g/L glucose (circle line), 40 g/L glucose (open circle line), 30 g/L glucose (square line), 20 g/L glucose (open square line), and 10 g/L glucose (triangle symbol line). 
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Figure 4. Effect of (a) pH and (b) temperature on activity of the purified laccase. 
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Figure 5. (a) pH stability at 28 °C, (b) thermostability at pH 4.5, and (c) stability at 4 °C and pH 8 of the laccase produced via submerged cultivation of P. ostreatus LGAM 1123. Different letters indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test. 
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Figure 6. Arrhenius plot for the determination of thermal activation energy from the purified laccase. 
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Table 1. Characteristics of wine lees.
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Wine Lees Characterization






	
pH

	
3.79 ± 0.02




	
Reducing sugars (g/L)

	
1.73 ± 0.08




	
Total phenols (g/L)

	
0.180 ± 0.005




	
Soluble protein (g/L)

	
6.39 ± 0.06




	
Color

	
Purple











 





Table 2. Basal growth medium for the submerged cultivation of P. ostreatus LGAM 1123.
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	Substance
	Concentration (g/L)





	Glucose
	20



	Yeast extract
	10



	NaNO3
	0.4



	MgSO4
	1.15



	K2HPO4
	0.7



	KCL
	0.75



	ZnSO4·7H2O
	0.0114



	CaCL2·2H2O
	0.52



	MnSO4·H2O
	0.03



	FeSO4·7H2O
	0.03



	(NH4)6Mo7O2·4H2O
	0.01



	Vitamin B1
	0.015



	Sodium EDTA
	0.75



	CuSO4 5H2O
	0.01










 





Table 3. Laccase and biomass production, glucose consumption, and decolorization and dephenolization of wine lees after 8 days of P. ostreatus LGAM 1123 cultivation on different initial pH levels.






Table 3. Laccase and biomass production, glucose consumption, and decolorization and dephenolization of wine lees after 8 days of P. ostreatus LGAM 1123 cultivation on different initial pH levels.





	pH
	Laccase (Units/mL)
	Biomass

(g/L)
	Glucose Consumption (%)
	Decolorization (%)
	Dephenolization (%)





	5
	10.2 ± 2.7 a
	11.4 ± 2.6 a
	62.2 ± 1.6 a
	74.40 ± 0.01 b
	77.40 ± 0.01 a



	6
	12.4 ± 1.5 a
	11.4 ± 2.0 a
	54.3 ± 0.9 b
	73.40 ± 0.01 c
	74.00 ± 0.01 b



	7
	5.5 ± 0.3 b
	9.4 ± 0.1 a
	47.1 ± 1.0 c
	82.30 ± 0.01 a
	70.10 ± 0.02 c



	8
	2.5 ± 0.5 b
	9.4 ± 0.3 a
	44.3 ± 0.5 d
	69.60 ± 0.01 d
	66.10 ± 0.01 d







a–d: Values with no common letters in each column indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test.













 





Table 4. Maximum laccase production, glucose consumption, and decolorization and dephenolization of wine lees of P. ostreatus LGAM 1123 cultivation on different wine lees concentrations.
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	Wine Lees Concentration
	Laccase (Units/mL)
	Glucose Consumption (%)
	Decolorization (%)
	Dephenolization (%)





	5%
	3.0 ± 1.3 c
	96.8 ± 0.1 ab
	64.00 ± 0.01 e
	80.40 ± 0.03 c



	10%
	6.3 ± 1.3 b
	97.0 ± 0.1 a
	74.20 ± 0.11 c
	79.20 ± 0.05 d



	20%
	14.1 ± 0.1 a
	93.6 ± 0.1 ab
	79.80 ±0.03 b
	72.80 ± 0.08 e



	40%
	4.3 ± 2.4 b
	83.9 ± 0.5 c
	81.40 ± 0.07 a
	83.20 ± 0.01 a



	60%
	2.8 ± 0.1 c
	57.8 ±4.4 d
	73.80 ± 0.10 d
	81.70 ± 0.11 b



	100%
	4.0 ± 0.1 b
	25.2 ± 8.6 e
	44.6 ± 0.034 f
	28.1 ± 0.06 f







a–f: Values with no common letters in each column indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test.













 





Table 5. Maximum biomass production, glucose consumption, decolorization, and dephenolization of wine lees of P. ostreatus LGAM 1123 cultivation on different YE concentrations.






Table 5. Maximum biomass production, glucose consumption, decolorization, and dephenolization of wine lees of P. ostreatus LGAM 1123 cultivation on different YE concentrations.





	YE (g/L)
	Biomass (g/L)
	Glucose Consumption (%)
	Decolorization (%)
	Dephenolization (%)





	2.5
	12.4 ± 1.3 d
	62.3 ± 1.4 d
	93.20 ± 0.02 a
	90.40 ± 0.01 c



	5
	23.6 ± 0.1 a
	95.6 ± 0.7 b
	92.30 ± 0.01 b
	89.60 ± 0.01 d



	10
	22.0 ± 1.4 ab
	98.4 ± 0.0 a
	91.20 ±0.01 c
	90.00 ± 0.01 b



	15
	19.8 ± 3.3 bc
	90.8 ± 1.9 c
	80.00 ± 0.01 d
	85.70 ± 0.01 e



	20
	20.9 ± 0.5 abc
	96.2 ± 0.1 ab
	76.70± 0.02 e
	91.70 ± 0.01 a







a–e: Values with no common letters in each column indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test.













 





Table 6. Maximum biomass production, glucose consumption, decolorization, and dephenolization of wine lees of P. ostreatus LGAM 1123 cultivation on different glucose concentrations. No common letters (from a to e) in each column indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test.






Table 6. Maximum biomass production, glucose consumption, decolorization, and dephenolization of wine lees of P. ostreatus LGAM 1123 cultivation on different glucose concentrations. No common letters (from a to e) in each column indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test.





	Glucose Concentration (g/L)
	Biomass (g/L)
	Glucose Consumption (%)
	Decolorization (%)
	Dephenolization (%)





	10
	12.5 ± 0.2 d
	92.8 ± 1.4 b
	85.50 ± 0.01 d
	90.40 ± 0.03 b



	20
	20.5 ± 0.0 c
	94.6 ± 0.7 ab
	83.30 ± 0.01 c
	89.60 ± 0.01 d



	30
	20.7 ± 1.3 bc
	96.9 ± 0.0 a
	97.30 ± 0.01 b
	90.00 ± 0.08 c



	40
	23.6 ± 1.0 ab
	85.2 ± 1.9 c
	98.30 ± 0.01 a
	85.70 ± 0.01 e



	50
	24.6 ± 2.5 a
	56.7 ± 0.1 d
	98.30 ± 0.01 a
	91.70 ± 0.01 a







a–e: Values with no common letters in each column indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test.













 





Table 7. Biomass composition in the cultivation of P. ostreatus LGAM 1123 in a 3.5 L stirred tank bioreactor with an optimum growth medium using wine lees.






Table 7. Biomass composition in the cultivation of P. ostreatus LGAM 1123 in a 3.5 L stirred tank bioreactor with an optimum growth medium using wine lees.





	
Bioactive Compound

	
Method

	
g/100 g Biomass






	
Proteins

	
Total proteins (Dumas)

	
42.8 ± 2.4




	
Soluble intracellular protein (BCA)

	
21.4 ± 1.2




	
Essential amino acids (dabsyl derivatives (HPLC))

	
16.4 ± 0.1




	
Lipids

	
Chloroform/methanol (2:1 v/v)

	
29.5 ± 2.7




	
Carbohydrates

	
Total carbohydrates (Visca et al. [28])

	
29.4 ± 2.7











 





Table 8. Purification and characterization of laccase produced by P. ostreatus LGAM 1123 in 2 L of an optimum growth medium using wine lees.
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	Purification Step
	Total Protein (mg)
	Total Activity (Units)
	Specific Activity (U/mg)
	Purification Fold
	Recovery





	Crude laccase
	215.2
	27,940
	129.8
	1
	100



	Ammonium sulfate treatment
	151.6
	27,540
	181.7
	1.4
	98.6



	Anion exchange
	21.9
	12,380
	565.3
	4.4
	44.3










 





Table 9. Thermodynamic parameters for the thermal inactivation of laccase produced by P. ostreatus LGAM 1123.






Table 9. Thermodynamic parameters for the thermal inactivation of laccase produced by P. ostreatus LGAM 1123.





	T (°C)
	T (Kelvin)
	t1/2 (h−1)
	D (h−1)
	ΔH* (kJ/mol)
	ΔG* (kJ/mol)
	ΔS* (J/mol*K)





	4
	277.2
	136 ± 8 a
	451 ± 28 a
	74.3 ± 1.2 a
	98.7± 0.1 a
	−90.5 ± 1.3 a



	20
	293.2
	14.8 ± 0.3 b
	49 ± 1 b
	74.1 ± 1.1 a
	99.2 ± 0.1 b
	−87.5 ± 1.2 bc



	30
	303.2
	3.81 ± 0.47 c
	12.7 ± 1.6 c
	74.1 ± 1.2 a
	99.2 ± 0.3 b
	−85.0± 1.3 cde



	40
	313.2
	1.30 ± 0.08 cd
	4.31 ± 0.26 cd
	74.0 ± 1.1 a
	99.8 ± 0.1 c
	−84.3 ± 1.3 c



	50
	323.2
	1.14 ± 0.10 cde
	3.39 ± 0.27 cde
	73.9 ± 1.1 a
	102.4 ± 0.2 d
	−90.1 ± 1.3 ab



	60
	333.2
	0.26 ± 0.01 cde
	0.86 ± 0.05 cde
	73.8 ± 1.1 a
	101.9 ± 0.1 e
	−86.0 ± 1.3 cd







a–e: Values with no common letters in each column indicate a significant difference (p ≤ 0.05) in Tukey’s multiple range test.
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