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Secondary metabolites of traditional Chinese herbs can prominently stimulate the production of laccase from white rot fungi during submerged fermentation. However, the molecular mechanism through which these natural products induce the production of laccase remains unknown. In this study, the Chinese herbal medicine Polygonum cuspidatum was used to induce laccase production in Trametes versicolor, and the best inducer was identified in emodin, even under conditions of 1000-L, large-scale fermentation. Proteomics analysis identified a selection of proteins that were differentially expressed in the presence of emodin, indicating that emodin may affect the expression of laccase genes through three mechanisms: reducing bioenergy productivity, the aryl hydrocarbon receptor (AHR)/xenobiotic response element (XRE) pathway, and the nuclear erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE) pathway. Combined with protoplast flow cytometry and fluorescence, it is revealed that emodin might reduce the synthesis of ATP by lowering the mitochondrial membrane potential, leading to the subsequent responses.
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INTRODUCTION

Polygonum cuspidatum is a common raw material used during the extraction of traditional Chinese herbs (TCH) and serves as a source of emodin, resveratrol, and other natural products. Emodin, which is the primary active substance in P. cuspidatum, activates blood circulation, disperses blood stasis, dredges the meridians, and has an antitussive effect (Shukla et al., 2020). The medicinal mushroom Trametes versicolor had been used for the microbial fermentation and transformation of TCH (Bains and Chawla, 2020). In recent years, several groups have explored the ability of T. versicolor to secrete laccase isozymes (Iimura et al., 2018; Pinheiro et al., 2020) and have attempted to optimize enzyme production (Yang et al., 2015; Zdarta et al., 2017), although the abilities of TCH to induce the production of laccase has not been well-explored. Laccase (benzenediol: oxygen oxidoreductase EC 1.10.3.2.) belongs to a family of blue multicopper oxidases produced by fungi, which has also been detected in plants, bacteria, and insects (Patel et al., 2018). Due to diverse substrate conformations and environmentally friendly features, laccase has been widely used for various industrial applications, such as pulp delignification and bleaching (Widsten and Kandelbauer, 2008), dye decolorization (Rangabhashiyam et al., 2013), the detoxification of environmental pollutants, and biosensors (Li et al., 2009; Mate and Alcalde, 2016). To meet the high demand for low-cost laccase, increasing laccase production is necessary. Various strategies have been developed to enhance laccase production, such as controlling the carbon-to-nitrogen ratio using inducers and lignocellulose (Bettin et al., 2009; Kuhar and Papinutti, 2014) and applying industrial and agricultural waste or by-products containing laccase inducers (Gonzalez et al., 2013). The mechanism through which these inducers act on fungal cells remains unclear because few studies have examined the process at the micro-level.

Several methods have been developed that can be applied to the in-depth exploration of how emodin accelerates the expression of laccase genes by T. versicolor. Mass spectrometry (MS)-based label-free quantification (LFQ) methods have previously been used for fungal proteomics examinations (Zixuan et al., 2018). Compared with the isotope-labeling method, the unlabeled quantitative method has a larger dynamic range, wider proteome coverage, and uses simpler experimental protocols. In this study, we investigated the effects of various components extracted from P. cuspidatum on laccase production by T. versicolor and further determined the mechanisms that drive laccase expression based on omics analyses and bioimaging. Based on the screening of strong laccase inducers, differential protein expression profiles were obtained between the induced group and the control group using LFQ proteomic analysis, which were used to explore the mechanism through which laccase expression is regulated.

In this study, we also observed the effect of emodin on mitochondria through protoplast flow cytometry and confocal laser scanning microscope (CLSM). Filamentous fungi are not suitable for flow cytometry, so the protoplasts of T. versicolor can be culture to pass flow cytometry for measuring the effect of emodin on T. versicolor mitochondrial membrane potential. Emodin is inherently fluorescent, which facilitated the performance of bioimaging experiments. Fluorescence images of the nanostructure inside the mycelium were obtained, and relative quantitative measurements of the fluorescence signal were performed.



RESULTS


Effects of Extracts Using Different Solvents on Laccase Production

Polygonum cuspidatum contains a number of bioactive substances, such as carbohydrates, lignin, resveratrol, and emodin (Chu et al., 2004; Peng et al., 2013). Therefore, the effects of the components in P. cuspidatum on laccase production by T. versicolor were investigated (Figure 1A). The addition of the ethyl ether extract and extraction residue to the T. versicolor medium had no effects on fermentation efficiency, and the highest laccase activity was measured at 6358.1 U⋅L–1 following the addition of the ethyl acetate extract, which represented a 93.1% increase compared with the enzymatic activity measured in the control. The addition of the ethanol extract and acetone extract resulted in decreased laccase activity, indicating that the ethyl acetate extract of P. cuspidatum contained the prime contributing factor involved in the enhancement of laccase production.


[image: image]

FIGURE 1. The effect of different components of Polygonum cuspidatum on the laccase production of Trametes versicolor. (A), The effect of extracts of different polar solvents on the activity of laccase; (B), HPLC analysis of ethyl acetate extract; and the effects of different concentrations of resveratrol (C1), rhein (C2), and emodin (C3) on laccase production in T. versicolor, The value is the ratio of laccase activity to the control group under the influence of three inducers at different concentrations.




Evaluation of the Ethyl Acetate Extract of P. cuspidatum on Laccase Production

After validating the appropriate extraction solvent, we identified the components found in the ethyl acetate extract of P. cuspidatum to determine which factors played major roles in the induction of laccase production. The results of high-performance liquid chromatography (HPLC) showed that resveratrol, rhein, and emodin were the primary components in the P. cuspidatum ethyl acetate extract, with concentrations of 49.95, 1.4, and 22.61 μM⋅g–1, respectively (Figure 1B). Emodin is known to be a promising multi-biofunctional phytochemical (Li L. et al., 2016), which is abundant in P. cuspidatum, as are resveratrol (Lin et al., 2016) and rhein (Feng et al., 2016). To identify the most effective laccase production inducers in the ethyl acetate extract of P. cuspidatum, resveratrol, rhein, and emodin are tested individually for their abilities to induce laccase fermentation, at concentrations ranging from 0.25 to 5.0 mM⋅L–1 (Feng et al., 2016). As shown in Figure 1C, the addition of emodin to the T. versicolor medium produced a notable effect on laccase induction, with enzymatic activity was 4–12 fold that of the control at the additive amount for 5 mM/L. However, rhein had only the slightest effect on laccase production, and resveratrol resulted in the inhibition of laccase production at all tested concentrations compared with the control. The addition of emodin to the supernatant derived from the culture broth obtained from the T. versicolor culture resulted in no significant changes in laccase activity (data not shown). This study represents the first report that the phenolic compound emodin can act as an efficient inducer of laccase production in T. versicolor.



1000-L Pilot Scale-Up Submerged Fermentation

A 1,000-L pilot scale-up submerged fermentation experiment was performed to validate the capabilities of P. cuspidatum and emodin to induce laccase production by T. versicolor. Using a flask-shaking, batch-fed fermentation technique, the submerged fermentation of T. versicolor was performed with the addition of 1% P. cuspidatum and 5 mM⋅L–1 emodin in a 1,000-L fermenter. Appropriate dissolved oxygen and mass transfer had significant enhancement effects on laccase activity in an industrial bioreactor. The optimization of process controls for the industrial fermented resulted in the control, P. cuspidatum, and emodin groups attaining laccase activity values of 200%, 128%, and 289% those measured in 250-ml Erlenmeyer flasks, respectively (Supplementary Figure 1). These results supported the conclusion that certain molecules in TCH could serve as inducers for laccase production.



Transcriptome Analysis

To determine how emodin alters the expression of genes involved in laccase synthesis, eukaryotic non-parametric transcriptomics analysis was performed to establish a database using NCBI BLAST + software (NCBI-blast-2.2.28 + -win32.exe), which resulted in the identification of 58,353 genes which could be detected from the control check (CK) and emodin-induct group (EM) strains (Supplementary Figure 2). These genes were compared against those listed in NCBI’s non-sink protein database, including Swiss-Prot, Protein Information Resource, Protein Research Foundation, and Protein Data Bank, and a total of 14 laccase isozyme genes were identified (Figure 2). As shown in Figure 2, after 6 days of co-cultivation with emodin, the transcription of laccase genes in T. versicolor significantly increased. Except for lcc3, lcc12, and lcc15, the mRNA levels of all identified laccase isoenzymes increased in EM comparing with those in CK. Among the upregulated isoenzyme genes, lcc2 and lcc22 were associated with the highest expression level and the largest increases in expression level, respectively. The lcc2 expression level in the EM group was 1.9 times that in the CK group, and the expression level of lcc22 in the EM group was 1.68 times that in the CK group. In the EM group, the level of lcc9 expression was high, second only to lcc2 and lcc22, whereas the expression of this isoenzyme could not be detected in the CK group. Because gene expression requires protein translation to be effective, proteomic data analysis is also necessary to explore the effects of emodin on the laccase production in T. versicolor.
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FIGURE 2. Laccase isoenzyme expression in two groups of strains.




Label-Free Differential Proteomics Analysis

To obtain a more precise picture of the effects of gene expression changes, LFQ proteomics was performed based on transcriptome analysis. Respectively, 1,718 and 1,982 proteins were identified in the CK and EM strains, including 1,634 that were common to both groups (Supplementary Figure 3). A total of 223 proteins were identified with large differences in expression between the groups based on standard screening methods, and 29 differentially expressed proteins were identified with fold-changes greater than 2 or less than 0.5 and P-values <0.05. These 29 differential proteins were clustered using hierarchical clustering, and the data was displayed in the form of a heat map. Compared with the levels in the CK group, the levels of 15 proteins were increased in the EM group, whereas the levels of 14 proteins decreased. A clear dividing line was observed between the CK and EM groups in the heat map (Supplementary Figure 4).

For insight into the functional categories that were altered between the CK and EM groups, gene ontology (GO) data was used to describes the characteristics of the identified genes and gene products. The comparison and prediction of gene functions using GO analysis are widely used in the field of bioinformatics. GO covers three biological aspects: molecular function (MF), biological process (BP), and cellular component (CC). Within these three aspects, all proteins with significant differences can be divided into 24 secondary annotations. Major BPs associated with the identified differentially expressed proteins included metabolic processes (37 proteins) and cellular processes (24 proteins). In addition, the regulation of biological processes (five proteins), responses to stimuli (five proteins), biological regulation (seven proteins), and localization (five proteins) are well represented among the differentially expressed proteins. The most important MFs included catalytic activity (47 proteins) and binding (28 proteins, Figure 3A). Among the CC categories, the significant differentially expressed proteins were associated with organelles (13 proteins), cells (23 proteins), cellular parts (23 proteins), and membranes (13 proteins, Figure 3A).
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FIGURE 3. Bioinformatics analysis of differential proteins in Trametes versicolor. (A) Functional analysis of differential proteins, including the quantity of proteins in secondary function part; (B) KEGG pathway enrichment analysis for differentially expressed proteins between the CK and EM bacterial strain.


To investigate the mechanism through which emodin promotes laccase production in T. versicolor, the detected genes were analyzed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and annotated using KEGG Automatic Annotation Server (KAAS). A total of 120 metabolic pathways were identified, and Figure 3B shows the metabolic pathways associated with the most significant differentially expressed proteins. These metabolic pathways involve redox reactions (mitochondria-yeast, oxidative phosphorylation, glutathione metabolism, and peroxisomes), gene expression regulation [RNA transport, mitogen-activated protein kinase (MAPK) signaling pathways-yeast, MAPK signaling pathways-Drosophila, and forkhead box o (FoxO) signaling pathway], and cell growth division (MAPK signaling pathway-yeast, MAPK signaling pathway-Drosophila, meiosis-yeast, autophagy-yeast, longevity regulatory pathway-worm, and longevity regulatory pathway-multiple species).



Target Confirmation of Selected Proteins by Parallel Reaction Monitoring (PRM)

Motivated by verification of the bioinformatics analysis, PRM was performed to verify the differentially expressed proteins identified by the LFQ. Seven proteins were selected for validation by PRM: 4-coumarate:CoA ligase-like (4-CL), phospholipase A1 (PLA1), aspartyl protease (AspPr), protein kinase A regulatory subunit (PKAR), protein farnesyltransferase subunit beta (PFT), tryptophan synthase (TryS), and PKS-ER domain-containing protein (KSPER). Among these proteins, PFT, TryS, and KSPER had fold-changes above 1.2 (upregulated), and 4-CL, PKAR, AspPr, and PLA2 had fold-changes below 1.0 (downregulated). The PRM analysis indicated that the selected proteins showed similar trends as those identified by the LFQ proteomics analysis, confirming the credibility of the proteomics data (Figure 4).
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FIGURE 4. Expression patterns of selected differentially abundance proteins using LFQ analysis and PRM validation.




Measurement of Mitochondrial Membrane Potential by Protoplast Flow Cytometry

Since the proteomics analysis results main point to mitochondrial metabolism, we measured the changes of the transmembrane potential ΔΨm of protoplast mitochondria so as to verify the effect of emodin on the mitochondria of T. versicolor. The JC-1 fluorescent was used to detect whether mitochondrial membrane integrity was damaged. JC-1 will accumulate in the mitochondrial matrix to form a polymer lead to red fluorescence when is high; in other case, they don’t aggregate and fluoresce green. Therefore, the changes in of ΔΨm can be detected by the attribute of fluorescence. In this experiment, after treating with 5 mM/L emodin for 24 h, the protoplasts showed a significant decrease in the ratio of red/green fluorescence, indicating that the mitochondrial membrane potential of the cells decreased in the treatment group, indicating that emodin may be a mitochondrial uncoupling agent (Figure 5).
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FIGURE 5. Results of fluorescence distribution for protoplast of control (A) and emodin-induction (B). The Red/Green intensity Ratio (C) shows the Effect ofemodin on the mitochondrial membrane potential (ΔΨm) in protoplast of T. versicolor, it’s significantly lowered compared with the control. (***P < 0.001).




Fluorescence Image by CLSM

To study the dynamic changes of emodin in mycelium, a bioimaging experiment was performed (Figure 6). In Figures 6A1,A2, the green and red fluorescence show the locations of emodin and the cell membrane, respectively. We predicted that emodin was able to cross the cell membrane, as the Pearson correlation coefficient between red and green fluorescence was -0.0175. In Figures 6B,C, We selected two groups of fermented liquid: 5 mM/L emodin infected for 0.5 h (Figure 6B) and 24 h (Figure 6C). The green and red fluorescence indicate the localization of emodin and mitochondria, respectively. 30 min after infected by emodin, green and red fluorescence were concentrated in the mycelium, with a high degree of overlap immediately after emodin was added to the mycelium (Figures 6B1–B3). After 24 h, the green fluorescence in the mycelium was scattered, and the fluorescence intensity was slightly reduced (Figures 6C1–C3).
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FIGURE 6. Image of Trametes versicolor mycelium infected with emodin shot by confocal laser scanning microscope. The image displays the position of cytomembrane (A1) and the fluorescence intensity of emodin Inside the mycelium (A2). It reveals the location of mitochondriais (B1) and emodin (B2) after 30 min of incubation, the position of mitochondriais (C1) and emodin (C2) after 24 h and the Intensity profile plot along the selected lines (B,C) in images (B3,C3). Emodin has autofluorescence, which the concentration in suspension is 0.5 μmol/mL, cytomembrane and mitochondria are, respectively, stained with Mito Tracker Deep Red and Cell Mask Deep Red for 1 μL/mL.




DISCUSSION

We proposed that emodin stimulates laccase production through the regulation of gene promoter response elements. Laccase gene expression can be promoted by the activation of one or more response elements upstream of the gene promoter. These elements include metal response elements (MREs), which are involved in metal ion response (Faraco, 2003); cAMP-mediated glucose repression sites (creAs) (Piscitelli et al., 2011); nitrogen repression response elements (NIT2s) (Janusz et al., 2013); xenobiotic response elements (XREs) (Rushmore et al., 1990); antioxidant response element (AREs) (Soden and Dobson, 2010); and heat shock response elements (HSE) (Janusz et al., 2013).

Emodin or its metabolites may activate the XRE element upstream of the laccase gene. The gene sequences of many enzymes involved in redox responses, such as cytochrome P450 and glutathione-S transferase (GST), contain upstream XRE elements (Rushmore et al., 1990), which can be activated when the aryl hydrocarbon receptor (AHR) binds to a particular ligand (Abiko et al., 2016). Responsive metabolites of XREs, such as alcohols, acids/ketones, and aromatic compounds, can cause damage to cell growth and development. The XRE associated with the laccase gene promoter region responds to these stimulating substances, initiating the increased expression of the laccase gene to alleviate cellular damage (Xiao et al., 2006). Studies have shown that polycyclic aromatic hydrocarbon compounds, such as quinones and aflatoxin, can activate cytochrome P450 production through an AHR-mediated pathway (Mary et al., 2015; Abiko et al., 2016). As shown in Table 1 shows, cytochrome P450 is overexpressed, which may accelerate the metabolism of emodin (Xing et al., 2018).


TABLE 1. Identification of differentially expressed proteins in induced strains (partial).
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Based on the nature and functions of the differentially expressed proteins identified between the CK and EM groups, we proposed that the addition of emodin induced T. versicolor laccase secretion by affecting energy metabolism. Compared with the CK group, the expression of several catabolic enzymes was upregulated in the EM group. Succinyl-CoA synthetase beta subunit and malate synthase are tricarboxylic acid (TCA) cycle-related proteins, and their upregulation is associated with the acceleration of ATP synthesis. The expression levels of alcohol dehydrogenase, aldehyde dehydrogenase, and acetyl-CoA synthetase were all upregulated, The first two can oxidize ethanol to acetic acid and Acetyl-CoA synthetase catalyzes acetic acid with coenzyme A to synthesize acetyl-CoA during energy metabolism. Above indicating that anaerobic respiration may appear in the mycelium and accelerate the consumption of carbon sources. Table 1 shows that zinc carboxypeptidase, amidohydrolase, and ornithine aminotransferase were also altered, suggesting that emodin can enhance protein and amino acid metabolism. The upregulation of these three enzymes indicated that the glucose content of the cell species was too low, requiring the mycelium to consume proteins and amino acids to supplement energy requirements. This evidence suggested that emodin, as a mitochondrial uncoupler, reduces the level of ATP in cells (Sugiyama et al., 2019) and promotes glucose oxidation (Jiang et al., 2019). As glucose levels decrease, the CreA protein is released from the CreA element, activating the expression of downstream genes, including laccase. Laccase is a secondary metabolic protein, the expression of which is activated when glucose contents are low (Hahn Schneider et al., 2018). In fermentation experiments, after the easy-to-use carbon sources, such as glucose, are consumed (72–96 h), the laccase expression level increases (Figure 1C3).

The downregulation of some anabolic enzymes (such as tryptophan synthase, cytokinin-activated protein kinase, 14-3-3 protein, and ATP-dependent DNA helicase) was also observed, which inhibited mycelium growth and division (Figure 3). As a low-energy signal, low ATP levels spontaneously trigger the assembly of the adenosine 5’-phosphate adenosine-activated protein kinase (AMPK) complex (Zhang et al., 2013), which promotes catabolism and inhibits anabolism (Huang et al., 2015). Therefore, the addition of emodin may activate the AMPK pathway, which, in turn, activates ATP production and inhibits ATP consumption. The verification experiment also demonstrated that the biomass of T. versicolor mycelium decreased in the presence of emodin compared with that of the control group. In the EM group, the 4-CL content was reduced. 4-CL is involved in phenylpropane anabolic metabolism and is an essential enzyme during the synthesis of secondary metabolites, such as flavonoids (Praveen et al., 2019). As a key enzyme involved in an anabolic pathway that consumes ATP, the expression of 4-CL may be inhibited by AMPK.

Emodin can stimulate the oxidative stress response in the mycelium. Studies have shown that emodin increases the concentration of reactive oxygen species (ROS) in vivo (Li X. et al., 2016). Compared with the CK group, the expression of some redox enzymes in the EM group increased, including superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). The expression of these enzymes is induced when the intracellular ROS concentration increases, and these enzymes reduce ROS concentrations to alleviate cellular damage induced by ROS and electrophilic substances. The ARE is activated in response to increased intracellular ROS (Soden and Dobson, 2010), binding to the nuclear transcription factor nuclear erythroid 2-related factor 2 (Nrf2), which is a key transcription factor involved in the cellular antioxidant stress system. Emodin has previously been shown to activate the Nrf2/ARE signaling pathway (Song et al., 2019), which may be mediated by the AMPK pathway. AMPK catalyzes the phosphorylation of serine 550 in the Nrf2 protein, promoting the nuclear translocation of Nrf2 (Joo et al., 2016), which then induces the expression of oxidative stress-related enzymes, such as SOD, CAT, and other oxidases, including laccase.

Emodin may stimulate proton leakage to reduce ATP levels in cells (Sugiyama et al., 2019). As a lipophilic and weakly acidic polycyclic aromatic hydrocarbons, emodin can pass through the cell membrane and the outer mitochondrial membrane. Emodin is more likely to bind protons in a proton-rich environment (such as outside of the inner mitochondrial membrane), whereas emodin promotes the release of H+ in a neutral environment (Sugiyama et al., 2019). The rate of ATP synthesis synchronizes with the electrochemical H+ gradient on both sides of the mitochondrial inner membrane, activating the synthesis of energy metabolism-related enzymes to increase ATP production.

As shown in Figure 5, 30 min after emodin was added to the mycelium, emodin-associated green fluorescence was observed to be concentrated in the mitochondrial region, which may be related to the protophilia of its carbonyl group. As emodin gradually degraded over the following 24 h, the fluorescence that was initially concentrated in the mitochondrial region dissipated, and the fluorescence intensity decreased. Based on these confocal laser scanning experiments and the omics analysis, emodin was hypothesized to have been attracted to the H+-rich environment outside of the inner mitochondrial membrane, where it reduced the mitochondrial membrane potential until it was degraded by secondary metabolic enzymes, including included laccase, SOD, CYP450, and GSTs.

Emodin or its degradative products is thought to bind AHRs, which stimulate XREs to induce the expression of Nrf2 and some redox-related enzymes, which degrade these toxic substances including emodin. Simultaneously, emodin reduces the efficiency of mitochondrial operations by disrupting the mitochondrial membrane potential, promoting glucose consumption. Laccase production is induced to meet the demand for carbon resources. Low ATP levels also activate the AMPK pathway, which can phosphorylate Nrf2 and bind with AREs in the nucleus to synthesizes a series of oxidoreductases, including laccase, to reduce ROS generated in response to emodin (Figure 6). These findings allow us to infer the influence of emodin in T. versicolor at the molecular level, providing a simple assessment method for evaluating other high-yield laccase induction conditions and the regulation of secondary metabolism by other factors, such as polysaccharides and triterpenes.



CONCLUSION

In this study, P. cuspidatum called for obvious acceleration of laccase production from T. versicolor. Emodin was confirmed as a key inducer within active ingredients. Scale-up fermentation results demonstrated that using medicinal herb residues as natural inducer could reduce the cost for the process of submerged fermentation and enhance the laccase production. Using LFQ proteomics analysis to analyze the molecular mechanisms, it showed that these identified differential proteins function in a variety of ways, including metabolic processes, regulatory biological processes, catalytic activity, and binding. At the same time, these differential proteins are involved in a variety of metabolic pathways, such as Oxidative phosphorylation, Glutathione metabolism and Peroxisome, MAPK signaling pathway. Finally, it determined that these proteins are involved in the efficient expression of laccase (Figure 7). This study compares different proteins, determined the effect of emodin on the expression and its molecular mechanism of laccase in T. versicolor. The result provides a feasible strategy for strain selection and industrial production process optimization, and then expands the application of laccase in environmental protection, pollutant degradation, food industry and biocatalysis.
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FIGURE 7. Schematic illustration of the induction of laccase by emodin in Trametes versicolor.
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