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White-rot fungi is capable of producing extracellular enzymes that degrade lignin structure and facilitate biofuel production from lignocellulosic biomass wastes. However, fungal monocultures are constrained by low activities of the lignin-degrading enzyme system, leading to poor treatment efficiency and a long duration, which are not advantageous for large-scale applications. To improve enzyme production and enhance lignin degradation, a novel coculture system was proposed using the white-rot fungi Phanerochaete chrysosporium and Irpex lacteus CD2. The degradation efficiency of the alkali lignin by the fungal coculture was 26.4%, which was higher than that of the fungal monocultures. It was due to the production of lignin degrading enzymes was promoted in the liquid medium. Scanning electron microscopy, Fourier transform infrared, thermogravimetric and mercury porosimeter analyses results revealed that the alkali lignin treated with the fungal coculture had the largest porosity, and the degree of destruction of the alkali lignin structure by the fungal coculture was higher than that of the fungal monocultures. Meanwhile, the nonproductive adsorption of enzymes on alkali lignin was significantly reduced by 61.0% when the biomass was treated with the fungal coculture. As a result, the nonproductive adsorption was remarkably reduced, while it significantly improved the cellulase catalysis efficiency. These results demonstrated the synergistic effects of the fungal coculture for biomass treatment and provided a new approach for increasing lignin degradation while improving enzymatic catalysis and biofuel production through fungal coculture.
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INTRODUCTION
Lignocellulosic biomass from agricultural residues is an abundant resource in China, with an annual productivity of 980 million tons, which is equal to approximately 490 million tons of coal (Isroi et al., 2011). However, a mass of lignocellulosic biomass is incinerated in the field, it not only pollutes the environment but also wastes many resources. Converting lignocellulosic biomass to biofuels, such as bioethanol, biohydrogen and biomethane, has significant energy savings and emission reduction benefits (Xia et al., 2016).
Lignocellulose is mainly composed of three components: lignin, cellulose and hemicellulose. Cellulose and hemicellulose are polysaccharide structures that can be directly hydrolyzed by enzymes into available reducing sugars. However, lignin is a complex cross-linked phenolic polymer, which is composed of guaiacyl propane units (G), syringyl propane units (S) and p-hydroxyphenyl propane units (H) at different ratios (Christopher et al., 2014). The presence of lignin makes it difficult to directly utilize the polysaccharides in lignocellulosic biomass. The removal of lignin improves the accessibility of the polysaccharides, resulting in high biomass conversion efficiency and an economically feasible production process. Without an appropriate pretreatment method, only 20% of the theoretical maximum yield can be obtained by enzymatic hydrolysis (Suksong et al., 2020).
Biological pretreatment methods have attracted interest because of their potential advantages over other pretreatment methods, such as lower energy consumption, no chemical reagents and greater substrate and reaction specificity (Sindhu et al., 2016). The most promising microorganisms are white-rot fungi (WRF), which is the only group known to be able to completely degrade lignin into CO2 and H2O at a normal temperature and pressure (Zhang et al., 2019). Several WRF, such as Phanerochaete chrysosporium, Pleurotus ostreatus, and Irpex lacteus, have been identified for their efficient degradation of lignin in a variety of lignocellulosic biomass materials (Isroi et al., 2011). The high lignin degradation ability of WRF is due to their unique extracellular lignin degrading enzymes (LDEs) system, such as lignin peroxidases (LiP), laccase (Lac), and manganese peroxidases (MnP) (Sharma et al., 2019). When reactive oxygen is used as an intermediary condition for lignin degradation, LDEs degrade lignin into a pool of heterogeneous aromatics, which are ultimately metabolized by the secreting organism or other microbes (Ren et al., 2016).
At present, most studies have improved the selective degradation efficiency of lignin by optimizing monoculture conditions or by screening natural strains. For example, Dong et al. (2013) introduced the characteristics and process of using three WRF to degrade sugarcane bagasse, and found that P. chrysosporium was the most effective lignin-degrading strain. Salvachúa et al. (2013) proved that I. lacteus has the ability to selectively and efficiently degrade lignin in wheat straw. By comparing the extracellular secretases of I. lacteus and P. chrysosporium, it was found while both have the ability to efficiently degrade lignin, the LDEs secreted by the two WRF are different. Zeng et al. (2013) detected the activity of Lac and MnP in stationary cultures of I. lacteus. In contrast, stationary cultures of a highly degradative strain of P. chrysosporium only exhibited activities of LiP and MnP. However, the fungal monocultures produce few types of LDEs, resulting in poor effects and low efficiency in the lignin treatment process. As a result, the duration of the biological pretreatment is too long to be applied at a large scale.
In wood and many other microenvironments, fungi typically live and grow in close proximity to each other, and these fungi may display synergistic interactions (Yadav and Chandra, 2015). The fungal coculture could lead to higher enzyme production through synergistic interactions, and this result depends on the particular species in combination or the mode of interaction between species (Chen et al., 2019). In a coculture system, the evaluation of antagonistic effects of the selected fungal cocultures is important for producing LDEs (Tesfaw and Assefa, 2014). Experimental evidence have suggested that the competition for space and nutrients may result in the enhanced degradation of lignin and in elevated production of LDEs such as MnP and Lac (Dong et al., 2014; Wang et al., 2014; Li et al., 2019). Additionally, in the different WRF coculture systems, the LDEs that play a major role in the lignin degradation process are also different. Lac might play the central role in the lignin degradation process in one coculture system, while in others, MnP or LiP or even Lac-MnP or Lac-LiP-MnP might be responsible for such a process (Sun et al., 2011). In recent years, some researchers have obtained fungal cocultures that efficiently degrade lignin by screening WRF in natural environments (Mishra et al., 2017; Chen et al., 2019). P. chrysosporium and I. lacteus are two types of WRF with strong abilities to degrade lignin in nature. However, under standard culture conditions, the LDEs system secreted by P. chrysosporium and I. lacteus are different. The complementarity nature of the LDEs produced by different WRF and their impacts on the subsequent enzymatic hydrolysis process during fungal coculture have not yet been reported in the literatures.
The innovation of this study is to propose a new coculture system of P. chrysosporium and I. lacteus CD2, based on their complementarity LDEs, to treat alkali lignin as a model compound derived from lignocellulose biomass. The objectives of this study are to study the degradation efficiency of fungal coculture on alkali lignin, and to assess the effects of alkali lignin modification from fungi treatment on enzymatic hydrolysis and adsorption.
MATERIALS AND METHODS
Strains, Enzymes, and Chemicals
The fungus P. chrysosporium was obtained from the Guangdong Culture Collection Center (Guangdong, China). The fungus I. lacteus CD2 was obtained from the China General Microbiological Culture Collection Center (Beijing, China). The strains stored at 4°C were inoculated in fresh Potato dextrose agar (PDA) slant culture medium. The PDA slant culture medium was prepared as follows: peeled potato blocks were boiled for 20 min and filtered, then 2% (w/v) of glucose and 2% (w/v) of agar was added to the filtrate and its pH was regulated to 7.6. The culture medium was then steam-sterilized at 121°C for 20 min using a high-pressure steam sterilizer. The inoculations were cultured for 7 days at 28°C. The spores of the two fungi were removed from the PDA slant culture medium and stored at 4°C until use.
The alkali lignin and all of the chemicals used in this work were purchased from Sigma-Aldrich and were of analytical reagent grade. The enzyme used in the experiment was a commercial complex enzyme called Cellic CTec2 (Novozymes, China) with an activity of 70 filter paper unit (FPU)/ml. The FPU was measured by following the National Renewable Energy Laboratory standard biomass analytical procedures (Lindedam et al., 2014).
Antagonistic Experiment
The inoculation ring was dipped into the spores, and the two fungi were inoculated on the PDA solid plate medium. The inverted plates were cultured at 28°C in a constant temperature incubator, and the growth of fungi was observed every day (Schoneberg et al., 2015).
Degradation of Alkali Lignin by Fungal Monoculture and Coculture
In Erlenmeyer flasks, 0.2 g of alkali lignin and 40 ml of the liquid medium were steam-sterilized at 121°C for 20 min. The substrates were inoculated with spores to achieve an initial content of 106 spores/ml. The treatment experiment was conducted at 180 rpm and 28°C for 21 days in a shaker bath. Samples were taken by different time intervals (samples were taken every day in the first week, and every other day from the second week to the third week) and were diluted five times, centrifuged at 8,000 rpm for 10 min, and filtered, then the absorbance of the alkali lignin was measured at optical density 280 nm (Hao et al., 2015). The degradation rate was calculated by weight. All of the experiments and analyses were conducted in triplicate.
The fungi degradation medium components were glucose (2 g/L), MgSO4·7H2O (0.1 g/L), KH2PO4 (1 g/L), ammonium tartrate (0.4 g/L), Tween 80 (0.5 ml/L), CaCl2 (0.1 g/L), veratryl alcohol (0.57 ml/L), and 1 ml of trace element solution per liter of medium solution. The trace element solution contained MnSO4 (0.5 g/L), Al(K(SO4)2)·12H2O (0.02 g/L), FeSO4·7H2O (0.1 g/L), H3BO3 (0.01 g/L), CoCl2·6H2O (0.1 g/L), ZnSO4·7H2O (0.1 g/L), and CuSO4·5H2O (0.01 g/L) (Asina et al., 2016).
Lignin Degrading Enzymes Activity Assays
Lignin-degrading enzyme activities were assayed from the liquid cultures. The enzyme assays were conducted in a 3 ml reaction mixture at 25°C by using the extracellular medium of the fungal culture. The Lac activity was measured spectrophotometrically by the oxidation of ABTS [2,2′-azinobis-(3-ethylbenzthiazoline-6-sulphonate)] (Sigma Aldrich) (More et al., 2011). The reaction mixture contained 0.5 mM ABTS, 2.8 ml of 0.1 M sodium acetate (pH = 4.5), and 0.1 ml of the culture supernatant and was incubated for 5 min. The absorbance was read at 420 nm in a spectrophotometer with deionized water as the blank. One unit was defined as the amount of Lac that oxidized 1 μmol of ABTS substrate per min. The MnP activity was determined by the method of Wiberth (Wiberth et al., 2018). The 3 ml reaction mixture contained 50 mM sodium malonate (pH = 4.5), 2 mM MnSO4, 0.1 mM H2O2, and 0.5 ml of the enzyme solution. The reaction was initiated at 37°C, and the initial rate of Mn(III) malonate formation was determined using a spectrophotometer by following the initial increase in absorbance at 270 nm (ε = 11,590 M/cm). One unit of MnP activity was defined as the amount of MnP that catalyzed the formation of 1 μmol of Mn(III) per min. The activity of LiP was measured at 310 nm using veratryl alcohol as the substrate (Yang et al., 2013). The standard reaction mixture (3 ml) contained 0.2 mM veratryl alcohol, 0.15 mM H2O2 and the enzyme solution in 100 mM sodium tartrate buffer (pH = 3.0). One unit of LiP was defined as the amount of enzyme necessary to oxidize 1.0 mmol veratryl alcohol per min. One-way ANOVA analysis was performed to assess significant differences among groups.
Chemical Structure Analysis of Alkali Lignin
The Fourier transform infrared (FTIR) spectra was used to demonstrated the chemical group changes before and after fungi treatment. FTIR scans were conducted at 400–4,000 cm−1. Background scanning was performed for correction before data collection. Scanning electron microscope (SEM) was used to evaluate the microstructural changes in the alkali lignin before and after treatment. The porosity test was carried out by the mercury intrusion porosimetry method, and. The tests were performed at a pressure of up to 33,000 psia. The thermogravimetric (TG) properties of all the samples were obtained to thermal stability changes before and after treatment, and the element analysis was used to determine the content of C, H, N, O, and S in the samples. The alkali lignin samples were placed in the oven to dry at 105°C for 2–3 h to remove moisture from the samples before the TG analysis.
Enzymes Hydrolysis and Adsorption
To evaluate the effect of the alkali lignin treated by fungi on cellulose hydrolysis, the enzymatic hydrolysis of Avicel was conducted in a flask containing sodium citrate buffer (0.1 M, pH = 4.8) for 72 h at 50°C. Specifically, the solid substrate loading rate was 1% (w/w), and the mixture was stirred in a shaker bath at 160 rpm. The dose of the hydrolysis enzyme (SAE0020) was 50 FPU/g substrate. The hydrolysis efficiency of Avicel was evaluated by the yield of reducing sugar. The yield of reducing sugar was determined by the 3,5-dinitrosalicylic acid method (Lee et al., 2020).
Studying the isothermal adsorption line of enzymes on alkali lignin before and after fungi treatment, the concentration of the different enzyme proteins was 0.1–2.0 mg/ml. Alkali lignin and the enzyme were incubated in a flask that contained 0.1 M sodium citrate buffer (pH = 4.8) at 50°C with shaking (160 rpm) for 3 h to reach equilibrium (Deng et al., 2019). The amount of protein adsorbed on the alkali lignin was calculated by weight. The free protein concentration was determined using the Bio-Rad protein assay, which is a Bradford-based colorimetric method, and bovine serum albumin (Sigma-Aldrich) was used as a standard (Ku et al., 2013).
According to published literature (Yang and Fang, 2015), the adsorption of enzymes on the alkali lignin can be described by the following Langmuir equation (Eq. 1):
[image: image]
where Eads is the amount of enzyme adsorbed on the lignin (mg/g lignin), Efree is the free enzyme concentration (mg/ml) in the suspension, Emax is the maximum enzyme adsorption capacity of lignin (mg/g lignin), and K is the Langmuir adsorption constant (ml/mg enzyme).
Machine and Equipment
The culture medium was sterilized by using a high-pressure steam sterilizer (YXQ-LS, BOXUN, China). All the treatments were conducted in shaker bath (ZWYR-2102, ZHICHENG, China). The FTIR spectra were obtained using an FTIR Microscope (Nicolet iN10, Thermo Scientific, United States) equipped with a deuterated triglycine sulfate detector. A SEM (VEGA 3 LMH, TESCAN, Czech Republic) was used to obtain the surface morphology of the alkali lignin at a voltage of 10 kV. The porosity was performed using the Micromertics Instruments Corporation AutoPore IV 9500. The thermal stability properties were analyzed via a TG analyzer (STA409PC, NETZSCH, Germany) at a constant heating rate of 10°C/min. The atmosphere was N2, and the flow rate was 100 ml/min. The contents of C, H, N, O and S were determined by an element analyzer (FLASH 2000, Thermo Scientific, America).
RESULTS AND DISCUSSION
Antagonistic Experiment
To analyze whether P. chrysosporium and I. lacteus are suited to simultaneous culture, the antagonistic characteristics between the fungi was tested. Supplementary Figure 1 displays the coculture of the two fungi in a PDA solid plate medium on the seventh day. P. chrysosporium were the white spherical particles on the PDA solid plate medium, and I. lacteus were the white hyphae. The two types of WRF grew evenly on the surface of the PDA solid plate medium, and there was no blank in the middle of the plate (Yao et al., 2016). The results implied the two fungi are suited to synchronous coculture, and it is predicted that this coculture of fungi could synergistically degrade alkali lignin.
Fungal Degradation Characteristics of Alkali Lignin
Figure 1 shows the degradation of alkali lignin by fungi cultivated under different methods. The degradation effects of different fungi on lignin showed significant differences compared with control (p < 0.01). During the first 3 days, the fungi initially used the glucose in the medium as the main source of carbon for growth, so the concentration of alkali lignin changed only slightly. After that, the fungal growth reached the logarithmic phase, and the fungi began to use the alkali lignin in the medium as the main carbon source, resulting in a gradual decrease in the concentration of alkali lignin.
[image: Figure 1]FIGURE 1 | Degradation of alkali lignin by fungal monocultures and coculture.
The extracellular lignolytic enzymes from the fungi synergistically cleave the Cα–Cβ bonds and oxidize Cα, and the major route of lignin degradation is the cleavage of the Cα–Cβ bonds by LiP, MnP, and Lac (Harmanpreet et al., 2017). Figure 2 shows the LDEs activity during the fungal degradation of alkali lignin. The activity of Lac and Lip showed significant differences compared with control (p < 0.05). Because P. chrysosporium and I. lacteus could not fully secrete these three lignin-degrading enzymes (Arora and Sharma, 2010), the Lac activity during alkali lignin degradation was lower than the LiP and MnP activities. In the initial stage of alkali lignin degradation, the MnP activity produced by the monoculture of I. lacteus was much higher than that produced by the other two fungal culture methods, but I. lacteus produced almost no LiP enzyme. It was speculated that the degradation of alkali lignin was dominated by MnP. MnP was considered to be the main enzyme involved in the partial mineralization of a broad spectrum of aromatic substances (Parikh et al., 2014).
[image: Figure 2]FIGURE 2 | LDEs during alkali lignin degradation for (A) MnP, (B) Lac, and (C) LiP.
The MnP production over time for the fungal coculture and monocultures is summarized in Figure 2A. Because the control group did not have LDEs, the degradation efficiency of the alkali lignin was unchanged. For the monoculture of I. lacteus, the time for the biomass to reach the logarithmic phase was shorter than that of the fungal coculture. The rapid increase in the demand for a carbon source for I. lacteus has resulted in the production of more LDEs. The MnP activity produced by I. lacteus was the highest and showed a stable increased in expression during the first week. The MnP activity for I. lacteus reached 0.99 IU/ml on the seventh day, which was 41.3 and 44% higher than that of P. chrysosporium and the fungal coculture, respectively. Therefore, the degradation efficiency of alkali lignin treated by I. lacteus was the highest, reaching 16.6% in the first week, compared with P. chrysosporium (6.7%) and the fungal coculture (15.6%). P. chrysosporium produced MnP and very little Lac during the treatment, and the MnP activity was lower than that of I. lacteus and the fungal coculture, so P. chrysosporium had the lowest alkali lignin degradation efficiency.
Limited by fungal biomass, the highest activity of MnP produced in the fungal coculture occurred later than that of I. lacteus. After the first week, the MnP activity produced by I. lacteus and P. chrysosporium decreased significantly, but that produced by the fungal coculture still increased. On the 17th day, the activity of MnP was almost absent in the fungal monocultures, whereas in the fungal coculture, the activity of MnP was still 0.3 IU/ml. In addition, the enzymes produced by the fungal coculture included not only MnP and Lac but also LiP produced by P. chrysosporium. Thus, a high MnP activity and the synergistic effects of three major LDEs resulted a higher degradation rate for the fungal coculture compared to the fungal monocultures during the last week. At the end of the experiment, the degradation efficiency of alkali lignin by the fungal coculture was the highest at 29.8%, compared with P. chrysosporium (21.9%) and I. lacteus (23.0%). As evaluated above, the coculture of P. chrysosporium and I. lacteus could effectively accelerate the degradation of alkali lignin and promoted the production of LDEs.
Chemical Structure of Alkali Lignin in Fungi Treatment
Fourier Transform Infrared Analysis
The FTIR spectra of the alkali lignin before and after the fungi treatments are shown in Figure 3, and the major bands are assigned in Table 1 (Kobayashi et al., 2009). The alkali lignin treated by fungi has changed significantly in the fingerprint region (1,300–600 cm−1), corresponding to the stretching vibrations of different groups in the lignin (Ying et al., 2018). This suggested that the overall structure of the alkali lignin had been destroyed after fungi treatment.
[image: Figure 3]FIGURE 3 | FTIR spectra of alkali lignin samples before and after fungi treatment.
TABLE 1 | Fourier transform infrared peak assignments in alkali lignin samples.
[image: Table 1]In the range of 3,200–3,400 cm−1, the peaks of the autoclave-sterilized lignin appeared at 3,246 cm−1, and the peaks of lignin after fungi treatment appeared at 3,362 cm−1 (P. chrysosporium), 3,370 cm−1 (I. lacteus), and 3,354 cm−1 (fungal coculture). This indicated that the degree of O–H association between the alkali lignin molecules was reduced and the molecular structure of the alkali lignin was ruptured during the treatment (Sun et al., 2016). The signal intensity of the alkali lignin at 2,935 cm−1 decreased, indicating that some of the guaiacyl and syringyl methoxy groups in the alkali lignin were broken during the fungi treatment. After fungi treatment, there was a decrease in the intensity of the stretching vibration peak (1,461 cm−1) of the alkali lignin, which was derived from methylene, indicating that some macromolecular lignin was degraded (Sun et al., 2018). After fungi treatment, the peaks at 1,600 and 1,511 cm−1 increased, which represent the vibration of C=C on the benzene ring, indicating the depolymerization of macromolecular lignin (Liu et al., 2014). The fingerprint characteristic absorption peak of syringyl increased after fungi treatment, suggesting that syringyl lignin was further degraded and more syringyl units were released (Singh et al., 2015).
Scanning Electron Microscope and Porosity Analysis
Figure 4 shows the microstructure of the alkali lignin treated by the fungal monocultures and coculture. It can be observed that the shape of the autoclaved alkali lignin (Figure 5A) was irregular polygons and was composed of many irregular spherical particles. After fungi treatment, the surface gradually became rough and many pores were formed due to fungi degradation (Figure 4B,C). In addition, for the alkali lignin treated by the fungal coculture (Figure 4D), many micropores adhering to the surfaces of large pores could be found compared to alkali lignin treated by the fungal monocultures. The destruction of alkali lignin treated by the fungal coculture was greater than that by the fungal monocultures.
[image: Figure 4]FIGURE 4 | Scanning electron microscopy images of (A) autoclaved alkali lignin, (B) I. lacteus treatment, (C) P. chrysosporium treatment, and (D) fungal coculture treatment.
[image: Figure 5]FIGURE 5 | DTG and TG analyses of alkali lignin before and after fungi treatment.
The porosity and pore diameter distribution of the alkali lignin are shown in Table 2. Megapores (>10,000 nm) increased 3.0% after the alkali lignin treated by the fungal coculture, but the macropores (2,500–10,000 nm) of the alkali lignin treated by the fungal monocultures increased 4.36 (I. lacteus) and 6.72% (P. chrysosporium). These results indicated that the damage to the alkali lignin by the fungal coculture was greater than that by the monocultures, which was confirmed by the SEM results. The porosity of the alkali lignin increased after being treated with I. lacteus and the fungal coculture. The total pore area was greatly increased after the fungi treatment, which proved that the alkali lignin formed more porous structures after fungi treatment and that the macromolecular lignin was depolymerized.
TABLE 2 | Mercury intrusion porosimetry results of alkali lignin samples.
[image: Table 2]Thermogravimetric/Differential Thermogravimetric Analysis
Figure 5 shows the TG and differential TG curves of the autoclaved and fungi-treated alkali lignin samples. The pyrolysis process of the alkali lignin samples could be divided into dehydration and lignin degradation stages. According to the TG curves, the residue char contents of the alkali lignin were 39.9% (Control), 40.5% (I. lacteus), 39.6% (P. chrysosporium), and 42.1% (fungal coculture) (Park et al., 2017). The residual char content is related to the ratio of G and S in alkali lignin (Yang et al., 2010). G has better thermal stability than the other two lignin monomers; therefore, the larger the proportion of G, the more char that remains (Shen et al., 2011). It could be speculated that some of the G-lignin was consumed during the fungal coculture treatment, which was confirmed by previous FTIR results. From the differential TG curve, the maximum decomposition rate of the autoclave-sterilized alkali lignin appeared at 385°C, but the temperature peak of the alkali lignin after fungi treatment was shifted left. This suggested that the alkali lignin was converted to small molecule aromatic compounds with poor thermal stability during the fungi treatment process (Cao and Aita, 2013). It is worth mentioning that the temperature peak of the alkali lignin treated with the fungal coculture was advanced by 11°C (374°C), indicating that the alkali lignin had the poorest thermal stability after the fungal coculture treatment.
Element Analysis
The element analysis and degree of unsaturation of the autoclaved and fungi-treated alkali lignins are shown in Table 3. The degree of unsaturation of the alkali lignin was further reduced by fungi treatment. This indicated that the dense structure of the alkali lignin was depolymerized during fungi treatment, and some of the macromolecular lignin was degraded. The degree of unsaturation of alkali lignin decreased 3.5% after the fungal coculture treatment compared to the autoclaved alkali lignin. After fungi treatment, the mass percentage of elemental sulfur decreased in alkali lignin, suggesting that the elemental sulfur in alkali lignin was dissolved during the treatment (Xu et al., 2013).
TABLE 3 | Element content of alkali lignin.
[image: Table 3]Effects of Alkali Lignin Modification on Enzymatic Hydrolysis and Adsorption
Nonproductive Adsorption of Enzymes
Figure 6 shows the isothermal adsorption of cellulase by alkali lignin at different free enzyme concentrations. The Langmuir adsorption isotherm equation could accurately describe the adsorption of cellulase on alkali lignin. It could be seen that as the free enzyme concentration increased, the adsorption capacity becomes saturated, and the autoclaved alkali lignin had the largest adsorption capacity. After the fungi treatment of alkali lignin, the adsorption capacity decreased by 36.4% (I. lacteus treatment), 43.2% (P. chrysosporium treatment), and 52.3% (fungal coculture treatment) compared with the autoclaved alkali lignin.
[image: Figure 6]FIGURE 6 | Cellulase enzyme adsorption on alkali lignin before and after fungi treatment.
Table 4 shows the adsorption parameters, which were estimated by fitting the enzymatic adsorption data to the Langmuir model. The maximum adsorption capacities (Emax) of lignin were 0.44 (Control), 0.28 (I. lacteus treatment), 0.25 (P. chrysosporium treatment), and 0.21 (fungal coculture treatment) mg/g lignin. The autoclaved alkali lignin had the strongest adsorption capacity, and could adsorb approximately 40–50% more protein than the alkali lignin treated with the fungal coculture. The autoclaved alkali lignin had the highest affinity (K) for the enzyme (8.7 ml/mg protein), while the affinities for the enzyme were 25.3, 32.2, and 20.0% lower than that of the autoclaved alkali lignin for the alkali lignin treated with I. lacteus, P. chrysosporium, and the fungal coculture, respectively. The strength of the absorption between the alkali lignin and the enzyme was characterized by the coefficient K, which was calculated using the maximum adsorption capacity multiplied by the Langmuir adsorption constant (Deng et al., 2019). This is consistent with the results of previous hydrolysis experiments. It was speculated that the fungi treatment of alkali lignin degraded the macromolecular alkali lignin, which generated more exposed carboxylic groups. This could make the lignin more hydrophilic, which would decrease the hydrophobic interaction between the alkali lignin and enzymes and reduce the nonproductive adsorption of cellulase (Yuan et al., 2018).
TABLE 4 | Langmuir adsorption isotherm parameters.
[image: Table 4]Enzymatic Hydrolysis of Avicel
The decreased nonproductive adsorption of cellulase on alkali lignin would lead to an increase in the yield of reducing sugar during the hydrolysis of Avicel. Figure 7 presents the enzymatic hydrolysis of Avicel with or without the addition of alkali lignin. All alkali lignins had an inhibitory effect on the reducing sugar yield. The 72 h glucan conversion efficiencies with the addition of differently treated alkali lignin were 50.6% (I. lacteus treatment), 50.3% (P. chrysosporium treatment), and 54.1% (fungal coculture treatment). The Avicel without the addition of alkali lignin had the maximum reducing sugar yield at 72 h of 56.5%.
[image: Figure 7]FIGURE 7 | Effects of fungi-treated lignin on reducing sugar yield in the enzymatic saccharification of Avicel.
Although the addition of alkali lignin had an inhibitory effect on the hydrolysis saccharification process of Avicel, the fungi-treated lignin had less of a negative effect than the autoclaved alkali lignin. After adding alkali lignin that was treated with the fungal coculture, the reducing sugar yield could reach 95.8% of that without alkali lignin, which was the highest yield among all of the fungi treatments. This result was due to the decrease in absorption capacity of the alkali lignin for the hydrolysis enzyme after fungi treatment.
Practical Implications
The results obtained in this study may provide an efficient approach for the biological pretreatment of lignocellulosic biomass for biofuel production. To further improve the feasibility of fungal coculture system for a large-scale application in the future, more research should be devoted to revealing the complex interaction between mixed enzymes generated by fungal coculture system during the biodegradation of lignocellulosic biomass, and developing advanced bioreactors for the efficient fungal treatment process for biomass conversion. Also, technical-economic assessment and life cycle assessment should be carried out to demonstrate the feasibility of such a pretreatment system based on the long-term operation performance.
CONCLUSION
The limitations of fossil fuels have led to an increase production of biofuels from renewable lignocellulosic biomass sources. Therefore, improving the efficiency of biological pretreatment of lignocellulosic biomass has become the most important point for the development of biofuels. This study opens a new opportunity to improve the efficiency of biological pretreatment and biomass conversion. The degradation efficiency of alkali lignin treated by the fungal coculture reached 26.4%, which is 3.4 and 5.2% higher than the monocultures of I. lacteus and P. chrysosporium, respectively. Physicochemical analyses showed that the chemical groups of the alkali lignin were changed significantly after fungal treatment. The alkali lignin generated more carboxylic groups, which increased its hydrophilicity and reduced the absorption of alkali lignin to cellulase. The nonproductive adsorption of cellulase on alkali lignin decreased by 40–50% compared with the control group.
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