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A B S T R A C T

Oudemansiella raphanipes can degrade lignocellulose-rich biomass, especially agricultural residues. However, its 
substrate utilization and degradation mechanisms remain poorly understood. To explore this, we cultured 
O. raphanipes mycelium in Kirk’s liquid medium supplemented with eight distinct substrates and conducted 
studies on extracellular enzyme activities and secretome analysis. A total of 905 secreted proteins were identi-
fied, with the cornstalk group having the highest counts. Carbohydrate-active enzymes (CAZymes) were the 
predominant type (32.8–48.9 %), followed by oxidoreductases (2.8 %–13.3 %), while lipase and phosphatase 
were minor categories. Functional annotation of the secreted proteins comprehensively revealed their diversity 
in various biological processes. Among the 340 secreted proteins with Enzyme Commission codes, (Methyl) 
glyoxal oxidase, chitinase, and β-glucosidase were most prominent. Bran, cottonseed hulls, corncobs, and the 
mixture promoted mycelium growth and conserved CAZymes expression patterns. In contrast, sawdust, corn 
steep liquor, and cornstalk induced divergent secretome profiles. Sawdust led to a higher proportion of hemi-
cellulose- and lignin-degrading enzymes. Corn steep liquor induced relatively high activities and abundances of 
laccase and MnP, while cornstalk induced a broad spectrum of oxidoreductases, lipases, and protease & pepti-
dases. In addition, redundancy analysis further indicated that the extracellular enzyme activities (notably lac-
case, MnP, and xylanase) induced by different substrates significantly impacted the secretome.
Significance: O. raphanipes can efficiently utilize a variety of lignocellulosic materials, and genomic sequencing 
has confirmed the presence of abundant CAZymes in its genome. This study employed various agricultural 
residues as substrate inducers to elucidate the extracellular enzyme profiles of O. raphanipes involved in ligno-
cellulose degradation, which indicated its metabolic plasticity in response to varying substrate composition. 
These findings facilitate further exploration of the biomass bioconversion mechanism of O. raphanipes and 
provide novel perspectives for the induction of combined agro-residues in its industrial cultivation.

1. Introduction

Lignocellulose, the main component of wood and agro-residues, 
represents the most abundant biomass available on Earth [1,2]. How-
ever, the recalcitrant structure formed by its primary constituents, cel-
lulose, hemicellulose, and lignin, prevents the effective utilization of 
lignocellulose. White-rot fungi are recognized as the most efficient 
natural decomposers of lignocellulose [3]. Currently, agro-residues 

including bran, cottonseed hulls, sawdust, bagasse, corn cobs, and rice 
straw, serve as indispensable nutrient sources for mushroom cultivation 
[4–6]. For instance, Flammulina velutipes can be effectively cultivated 
using substrates such as cottonseed hulls, corncobs, sawdust, and 
bagasse [7], while rice straw is a primary substrate for Volvariella vol-
vacea production [8]. When Pleurotus ostreatus was cultivated on sub-
strates including straw, rice, peanut leaves, and bagasse, significant 
differences in nutrient content were observed [9]. In the case of 
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P. floridar, its growth and yield exhibited a significant upward trend with 
the increasing content of corn husks in a medium mixed with corn husks 
and wood sawdust. Notably, superior yield and other biological in-
dicators of P. floridar were obtained when cultivated in a medium 
composed of 100 % of corn husks [10]. Moreover, Ganoderma lucidum 
cultivated on bagasse exhibited more rapid mycelium growth and higher 
biological efficiency compared to cottonseed hulls [11]. These obser-
vations indicate that white-rot fungi display distinct substrate-specific 
preferences, which depend on the compositional differences in lignin, 
cellulose, and hemicellulose within various substrates. Different white- 
rot fungi also adopt diverse degradation patterns for lignocellulose. 
For example, P. ostreatus, Coriolus versicolor, and Ceriporiopsis sub-
vermispora, prioritize lignin degradation over cellulose, whereas Pha-
nerochaete chrysosporium degrades all components simultaneously [12]. 
Consequently, research on the degradation of different agro-residues by 
white-rot fungi will facilitate the more effective utilization and 
biotransformation of lignocellulose.

Oudemansiella raphanipes is a widely cultivated mushroom in China 
with the commercial name Changgengu or Heipijizong [13]. It has 
gained increasing research attention in recent years due to its special 
flavor, high nutritional content, and pharmacological properties 
[13–15]. As a white-rot fungus, O. raphanipes possesses strong ligno-
cellulose degrading capabilities [16,17]. Since its artificial domesticated 
in 1986, cultivation practices have primarily adapted methods used for 
Lentinula edodes and wood ear, relying on substrates like sawdust, cot-
tonseed hulls, and corn cob powder with soil covering in the field for 
optimal yield [13]. However, there is a lack of in-depth understanding of 
the cultivation substrates and the relative lignocellulose degradation 
mechanism of O. raphanipes.

Fungal nutrient acquisition from lignocellulosic biomass relies on the 
secretion of specialized enzymes tailored to available carbon sources 
[18]. The lignocellulose degradation process involves complex extra-
cellular hydrolytic systems dominated by carbohydrate-active enzymes 
(CAZymes) and lignin-modification enzymes (LMEs) [19–21]. Substrate 
type and complexity significantly influence the secretome profiles, 
thereby impacting fungal growth and development [22,23]. The diverse 
strategies for lignocellulose degradation could be reflected in the dif-
ferences among the secretomes, making comparative secretomic anal-
ysis a powerful tool to detect the enzyme composition, degradation step 
coordination (interactions and synergies), and novel enzyme discovery 
[24–26]. Recently, secretomic studies on white-rot fungi such as 
L. edodes, Morchella importuna, P. ostreatus, P. eryngii, Agaricus bisporus, 
etc, have been widely conducted [23,27–30]. However, these in-
vestigations primarily focused on 1–3 common agro-residues (e.g. 
sawdust, bagasse, rice straw) and lacked comprehensive comparisons 
across diverse substrates. Current research on O. raphanipes is limited to 
individual cellulose- or lignin-degrading enzymes involved in lignocel-
lulose degradation, with no systematic analysis of its enzyme induction 
profiles or degradation patterns under different substrates. Therefore, 
exploring the effects of a broader range of agro-residues on secreted 
enzyme profiles of O. raphanipes is critical.

Our previous complete genome sequencing of O. raphanipes revealed 
its rich repertoire of lignocellulolytic enzymes [17]. Integrating secre-
tomic analysis with genomic information can provide critical insight 
into the extracellular enzyme systems involved in substrate degradation. 
The mycelial growth phase was selected due to its crucial role in 
lignocellulose breakdown [31]. Here, we evaluated O. raphanipes 
mycelia growth and extracellular enzyme activities of laccase, manga-
nese peroxidase, cellulase, xylanase, and amylase in culture superna-
tants across eight agro-residues-based media, followed by comparative 
secretome profiling. This investigation represents the first comprehen-
sive characterization of O. raphanipes extracellular enzyme profiles 
induced by diverse agro-residues, aiming to elucidate its lignocellulose 
degradation mechanisms and provide secretomic insights for optimizing 
cultivation substrates.

2. Materials and methods

2.1. Organisms and inoculum preparation

The Basidiomycete strain O. raphanipes CGG-1 used in this study was 
provided by the Shandong Provincial Key Laboratory of Applied 
Mycology. Its genome was formerly sequenced and deposited in the 
Genome Warehouse of the National Genomics Data Center (accession 
number GWHBRAH00000000 and GWHBRAI00000000 for two mono-
karyons) [17]. This fungal strain was preserved on potato dextrose agar 
(PDA) slants and stored at 4 ◦C, with regular reactivation for mainte-
nance. For the preparation of fungal inoculants, the strain was cultivated 
in 500 mL flasks containing 200 mL of the following potato dextrose 
broth (PDB) nutrient medium at 25 ◦C. The pH of the medium remained 
natural after sterilization at 121 ◦C for 20 min. After culturing the fungi 
for 14 days, the mycelium pellets were collected. The residual culture 
matrix was washed away with sterile water 2–3 times, and the mycelium 
was homogenized using sterilized glass beads. The sample was snap- 
frozen in liquid nitrogen and subsequently stored at − 80 ◦C. Samples 
were collected in triplication for each treatment.

2.2. Cultivation conditions

The glucose-free Kirk’s liquid medium, containing 9 mmol/L 
KH2PO4, 3 mmol/L MgSO4⋅7H2O, 0.02 mmol/L ammonium tartrate, 0.3 
mmol /L CaCl2⋅2H2O, and 10 mL/L trace element, was selected as the 
standard culture medium [32]. To elucidate the effect of different car-
bon inducer sources on the secretory enzyme activities of O. raphanipes 
CGG-1, an equal amount (40 g/L) of different dried agricultural biomass 
substrates, including bran, cottonseed hull, corncob, cornstalk, corn 
steep, basswood sawdust, and a mixture (with each component mixed in 
equal proportions), were added individually as substrate carbon sources. 
This dried matrix was crushed into 1–2 mm pieces. Additionally, con-
trols with only the addition of 10 g/L of carboxymethyl cellulose (CMC) 
were run in parallel. The samples cultured on corresponding substrates 
were designated as follows: the bran group (Bran), the cottonseed hull 
group (CH), the corncob group (CC), the corn steep liquor group (CSL), 
the cornstalk group (CSK), the sawdust group (SD), the mixture group 
(Mix), and CMC group. All experiments were conducted with three 
replicates. The pH of the medium remained natural after sterilization for 
30 min at 121 ◦C. Approximately 3 mL of homogenized fungus was 
inoculated into 250 mL flasks and then incubated at 25 ◦C. Throughout a 
30-day incubation period, the supernatant was collected at five-day in-
tervals and then centrifuged at 10,000 ×g for 5 min. The activities of 
laccase, manganese peroxidase, cellulase, xylanase, and amylase in the 
supernatant were subsequently determined. At the end of the cultiva-
tion, the mycelia of each sample were collected and measured in dry 
weight. The protein content of the mycelium and the supernatant on the 
15th day was measured using the modified BCA protein assay kit 
(Sangon Biotech).

2.3. Enzyme assay

2.3.1. Laccase
Laccase activity was determined by the oxidation of 2,2-Azino-bis-3- 

benzothiazole-6-sulfonic acid (ABTS) method [28]. The standard reac-
tion mixture contained 190μL of 1mM ABTS (ε420 = 3.60 ×

104M− 1⋅L⋅cm− 1) in substrate buffer (50 mM sodium propionate buffer, 
pH 4.5) and 10 μL of enzyme solution. Laccase activity was calculated 
from the optical density changes at 420 nm measured every 5 min. One 
unit (U) of enzyme activity was defined as the amount of the laccase that 
oxidized 1μmol of ABTS substrate per minute. Enzyme yield was 
expressed as U/mL.

2.3.2. Manganese peroxidase (MnP)
MnP activity was determined by detecting the formation of Mn3+
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malonate complex at 468 nm in the detection buffer containing 50 mM 
sodium propionate buffer (pH 4.5), 1.0 mM 2, 6-dimethylphenol (2, 6- 
DMP, ε468 = 4.96 × 104M− 1⋅L⋅cm− 1), 1.0 mM MnSO4, and 0.1 mM 
H2O2 [33]. A 10 μL enzyme solution sample was incubated in 190 μL 
substrate solution. One unit of MnP activity was defined as the amount 
of enzyme that oxidized 1μmol of 2, 6-DMP per minute. Enzyme yield 
was expressed as U/mL.

2.3.3. Cellulase, xylanase and amylase
The endoglucanase activity was employed to evaluate the cellulase 

enzyme activity. The measurement of the cellulase, xylanase, and 
amylase activities was performed using a modified DNS assay method 
[34–36]. In the preparation stage, 1 % of each substrate (sodium car-
boxymethyl cellulose for cellulase, xylan for xylanase, and soluble starch 
for amylase) was mixed into 0.05 M sodium citrate buffer (pH 5.0). The 
1 % DNS solution, was prepared a week in advance and stored in brown 
bottles. For the reaction, 1.0 mL of substrate solution was mixed with 
1.0 mL of enzyme solution (while using an equal volume of culture 
medium without enzyme as the control), and then the reaction mixture 
was incubated at 50 ◦C for 30 min. Subsequently, 2 mL of 1 % DNS 
solution was added, and the mixture was then heated at 100 ◦C for 5 min 
before cooling the tubes on ice and measuring the absorbance at 540 nm. 
The reduced sugar content was calculated using a standard curve. The 
definition of one unit of enzyme activity is the amount of enzyme 
required to release 1 μg of reducing sugar (xylose for xylanase; glucose 
for cellulase and amylase) per minute in the assay condition. The 
enzyme yield was reported in units per mL (U/mL).

2.4. Secretory proteomic analysis

After 14 days of cultivation, the culture was filtered using 6-layer 
absorbent cotton gauze. The filters were then centrifuged at 8000 rpm 
for 20 min. The resulting supernatant was collected and subjected to 
secreted protein extraction using phenol extraction coupled with 
ammonium acetate precipitation as previously described [37]. Protein 
pellets were re-dissolved in a 4 % SDS buffer (in 100 mM Tris–HCl 
buffer, pH 7.6) and digested using trypsin according to the STrap 
methods [38]. LC-MS/MS analysis of peptides was performed using an 
EASY-Nano system coupled with Orbitrap Fusion™ Tribrid™ detectors 
(Thermo Fisher, USA) [39]. Three biological replicates were performed 
for each group.

2.5. Identification and bioinformatic analysis of proteins

The MS raw data of each sample were combined and searched using 
Proteome Discoverer software suite version 2.0 (Thermo Fisher Scien-
tific, San Jose, CA, USA) against the O. raphanipes proteome database 
(proteome ID UP000076154) from UniProt. Protein identification was 
supported by at least two unique peptides with a false discovery rate 
lower than 0.05. Raw data obtained from Proteome Discovery software 
was normalized as follows. Firstly, missing values were supplemented 
(three sets of data, data with only one set was deleted, and missing 
values in data with two or three sets were supplemented, which is the k- 
proximity method). Then, median standardization was executed on in-
tensity data. CNSknowall was used to construct Venn diagrams. (http 
s://cnsknowall.com/). Kyoto Encyclopedia of Genes and Genomes 
(KEGG) [40] (http://www.kegg.jp/ (accessed on 15 Dec 2024)) data-
bases were utilized to analyze the functional annotations and metabolic 
pathways of differentially abundant proteins. Enrichment diagrams of 
KEGG pathway annotations were generated using OmicShare online 
tools (https://www.omicshare.com/tools). DbCAN for carbohydrate- 
active enzyme (CAZyme) families (based on CAZyDB07/15/2016) was 
used to annotate the identified proteins. The presence or absence of a 
signal peptide was predicted with SignalP 4.1 [41].

2.6. Statistical analysis

The results of the enzyme activities are represented as the mean ± SD 
(standard deviation) values from three replicates. These means were 
subjected to a comparison using a one-way analysis of ANOVA with the 
Duncan test conducted subsequently to evaluate the effect of different 
inducer sources on the enzyme production by O. raphanipes. Statistical 
significance was set at p < 0.05. The data were analyzed using GraphPad 
Prism 8.0 software. The error bars in all figures indicated the SD of three 
replicate values for each treatment. Before performing the ANOVA, the 
homogeneity of variances was confirmed by Levene’s test, which 
showed no significant difference when p > 0.05. Redundancy analysis 
(RDA) to evaluate the relationship between enzyme activities and the 
CAZymes expression abundance, was performed using the online tool at 
www.bioincloud.tech/standalone-task-ui/rda. The raw data for the 
secretome in this paper has been deposited in the OMIX with the 
accession number OMIX008748.

3. Results

3.1. The growth of O. raphanipes mycelia in liquid media supplemented 
with different substrates

Mycelial pellets of O. raphanipes were inoculated into Kirk’s liquid 
media supplemented with different agro-residues as carbon inducers 
and cultivated statically at room temperature in darkness. Significant 
differences in the mycelial growth under various conditions were 
observed on the 7th day (Fig. 1). As depicted in Fig. 1a, media con-
taining bran, cottonseed hulls, or the mixture, supported extremely 
luxuriant growth, with dense mycelial mats covering the liquid surface 
and forming uniform, thick aggregates at the bottom. This vigorous 
growth could be attributed to relatively high cellulose content in bran 
and cottonseed hulls [42]. In contrast, corn steep liquor-supplemented 
medium exhibited the lowest surface coverage but a higher dry weight 
with a dense and thick mycelial mat (Fig. 1a and b). This was probably 
due to submerged growth patterns rather than surface colonization 
caused by the absence of a solid matrix. Next, media containing corn-
stalks or basswood sawdust (with relatively high lignin content) 
exhibited intermediate growth, characterized by thin and loose mycelial 
layers and low mycelial dry weight. CMC-supplemented medium 
showed minimal growth with no mycelial layer or mat formed. More-
over, protein quantification on the 15th day revealed that mycelial 
protein content was positively correlated to a certain degree with 
mycelial growth and dry weight (Fig. 1c). Bran-supplemented medium 
exhibited the highest mycelial protein content and extracellular protein 
production, followed by corn steep liquor medium (Fig. 1c and d). This 
correlated with their roles as carbon-source inducers and nitrogen 
sources [43]. Overall, O. raphanipes can effectively utilize bran, cot-
tonseed hulls, and corn steep liquor to promote early-stage mycelial 
growth.

3.2. Effects of different carbon inducers on enzymatic activity of 
O. raphanipes

During the mycelial culture period, samples were taken from 
different media every five days to determine the activities of enzymes. It 
was found that almost all enzyme activities reached the highest on the 
20th ~ 25th day (Fig. 2). As illustrated in Fig. 2a and b, the CSL group 
had a significant advantage in the activities of laccase and MnP. In 
contrast, the activities of other groups, especially the SD and CH groups, 
were quite low, while the CSK group showed a small peak on the 20th 
day. The Bran and CH groups exhibited a high level of CMCase activity, 
while the CMC and the Mix groups showed high xylanase activity 
(Fig. 2c and d). Also, the CMC group showed a high CMCase activity only 
at the initial stage. Besides, the Bran and CC groups showed moderate 
xylanase activity, and the others remained extremely low throughout 
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the entire cultivation period. The amylase activity showed high levels 
from the initial stage of the cultivation (the 5th day), with no significant 
difference among the various groups, though the Bran group had a slight 
advantage (Fig. 2e). These results indicated the strong ability of 
O. raphanipes to induce the production of cellulose-, xylan-, and starch- 
degrading enzymes by the bran, and to induce laccase and MnP activity 
by the corn steep liquor. The CMC demonstrated a moderate capacity to 

induce activities of cellulase and xylanase but quite low activities of 
laccase and MnP. However, the sawdust had the lowest ability to induce 
the activity of all these enzymes.

Fig. 1. Morphology and physiology of O. raphanipes mycelium. (a) The growth of mycelium during the static culture in different substrates as well as the mycelium 
dry weight, (b) protein content of the mycelium, (c) and the extracellular protein content. (d) The annotations below indicate the addition of different substrates: 
Bran, for bran; CH, for cottonseed hull; CC, for corncob; CSK, for cornstalk; CSL, for corn steep liquor; SD, for sawdust; Mix, for the mixture; CMC, for carbox-
ymethyl cellulose.

Fig. 2. Enzyme activities of O. raphanipes during continuous culture in different mediums. (a) Laccase activity, (b) MnP activity, (c) CMCase activity, (d) Xylanase 
activity, and (e) Amylase activity.

L. Zhu et al.                                                                                                                                                                                                                                      Journal of Proteomics 317 (2025) 105445 

4 



3.3. Secretome profiles of O. raphanipes cultured in media with different 
carbon inducers

Changes in enzyme activities reflect the metabolic responses of 
O. raphanipes to diverse carbon-source inducers and are dictated by the 
overall secretome composition. Variations in enzyme activities across 
different groups are likely due to the differential secretion of protein 
types and abundances, affecting the secretome profile. To characterize 
these dynamics, quantitative label-free proteomics was applied to 
analyze the secretome of O. raphanipes during mycelial growth. Most 
proteomic analyses of animal tissues, cells, and bacteria use simple 
buffers for protein extraction, such as Tris-HCl buffer and urea-based 
buffer [44]. However, the existence of macromolecules in the cell wall 
can influence protein extraction efficiency and enzymatic digestion. 
Therefore, we used a combination of phenol extraction and ammonium 
acetate precipitation for protein extraction, a method that generates a 
relatively low amount of contaminating compounds and has proven to 
be simple and efficient [37]. Subsequently, LC-MS/MS analysis with 
high sensitivity and high throughput was conducted, enabling us to 
identify and quantify the secretome proteins accurately [45].

A total of 905 secreted proteins were identified, including 537, 481, 
487, 440, 661, 442, 456, and 467 proteins identified in the Bran, CH, CC, 
CSL, CSK, SD, Mix, and CMC groups, respectively (Fig. 3a). Among them, 
215 shared proteins were found across all groups. The CSK group had the 
highest number of identified proteins, with the highest number of 
unique proteins at 153. The number of unique proteins expressed in 
other groups was relatively lower, with the CMC group showing the 
most (21 proteins), while the Mix group had no uniquely secreted pro-
teins. Nearly 57 % of the total detected proteins (517/905) contain a 
predicted signal peptide and 94 transmembrane (TM) proteins were 
computed in the secretomes (Supplemental Table 3).

The abundance of these secreted proteases is critically affected by the 
substrate composition. Principal component analysis (PCA) results 
revealed that samples within the same group clustered together, while 
those from different groups were divided into five distinct clusters by the 
first and the second components (Fig. 3b). Among them, the CMC group 
was significantly separated from the other groups. The CSK group, 
having the largest number of proteins, was found to be close to the CH 
group, indicating similar protein expression patterns. Notably, the CSL 
group and SD group were separated from each other as well as from the 
other groups, indicating that the texture component of these two agro- 
residues was distinct from others. Additionally, the Bran, CC, and Mix 
groups exhibited a higher degree of similarity, with the Mix group 
showing a particularly close association with the Bran group, which 

suggested that the inclusion of corncob and bran in the mixture had a 
predominant influence on the mycelial protein secretion of 
O. raphanipes. Pearson correlation coefficient analysis showed similar 
results (Fig. 3c).

3.4. Functional annotation of the secreted proteins

The secreted proteins were classified into the following types ac-
cording to their functions: CAZyme, oxidoreductase, lipase, phospha-
tase, protease & peptidase, and other proteins [23]. The statistics of the 
quantities of these types in each group are shown in Fig. 4a. Across all 
groups, CAZymes were the most prevalent proteins identified in the 
secretomes, ranging from 32.8 % (CSK group) to 48.9 % (SD group) of 
the total proteins. In addition, the CSK group displayed the largest 
amount of oxidoreductase, protease, and peptidase among all groups. 
According to KEGG annotation, the secreted proteins were mainly 
involved in “Global and overview maps”, “Carbohydrate metabolism”, 
“Amino acid metabolism”, “Translation”, and “lipid metabolism” 
(Fig. 4b). A more in-depth analysis was conducted on the top 20 path-
ways (Fig. 4c), which showed that these pathways were predominantly 
engaged in the metabolic pathways (ko01100), the secondary metabo-
lites biosynthetic pathways (ko01110), carbon metabolism (ko01200), 
starch and sucrose metabolism (ko00500), Glycolysis / Gluconeogenesis 
(ko00010), and ribosomal pathways (ko03010). Of these secreted pro-
teins, 340 were assigned Enzyme Commission (EC) codes (Table S2). The 
protein with the highest abundance was EC1.2.3.15 ((Methyl) glyoxal 
oxidase), followed by EC3.2.1.14 (Chitinase), EC3.4.25.1 (Proteasome 
endopeptidase complex), EC3.2.1.21 (Beta-glucosidase), EC4.2.2.2 
(Pectate lyase), EC3.4.14.9 (Tripeptidyl-peptidase I), and EC3.2.1.19 
(Heparinase). They were mainly involved in pathways such as ko00520 
(Amino sugar and nucleotide sugar metabolism), ko00460 (Cyanoamino 
acid metabolism), ko00500, ko00040 (Pentose and glucuronate in-
terconversions), and ko01100. This functional annotation comprehen-
sively reveals the diverse functions of the secreted proteins in various 
biological processes.

3.5. Analysis of the CAZymes between different Secretomes

The CAZyme family plays a critical role in complex carbohydrate 
metabolism as well as many other important physiological processes, 
such as the breakdown of plant cell walls and the metabolism of complex 
polysaccharides [38]. Across the eight groups studied, CAZyme was the 
most abundant enzyme, ranging from 32.8 % in the CSK group to 48.9 % 
in the SD group. A total of 302 CAZyme proteins were identified from all 

Fig. 3. Statistics of the secretome data of O. raphanipes samples cultivated on different carbon substrates. (a) Venn diagram of proteins in the secretome of different 
groups. The unique proteins of each group and the shared proteins among groups are depicted with numbers, which represent the quantity of proteins in that 
particular category. The 215 common proteins shared by all groups are shown in the middle. (b) Principal component analysis (PCA) for secretome data of different 
groups. PCA was conducted with parameters as follows: method is normalize and the confidence region is set to 95 %. (c) Pearson correlation coefficient (PCC) 
analysis of secretome data between each group with the corresponding coefficient values marked. Each group was treated with the corresponding substrate with 
three repeats marked as − 1, − 2, and − 3.
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groups, including 164 glycoside hydrolases (GHs), 20 polysaccharide 
lyases (PLs), carbohydrate esterases (CEs), 89 auxiliary activities (AAs), 
and 5 carbohydrate-binding modules (CBMs). The specific distribution 
of these CAZymes in each group was shown in Fig. 5a. Some of the most 
important CAZymes (GH3, GH6, GH7, GH10, GH35, GH43, GH51, 1CE, 
2CE, 4CE, PL1, AA3, AA5, AA7, and AA9) were secreted in almost all 
groups, suggesting their essential roles in biomass degradation 
(Table S3). Functionally, the CAZyme family can be further divided into 
cellulase, hemicellulase, lignin-degrading protein, pectinase, amylase, 
other polysaccharide-degrading protein, cell wall remodeling protein, 
and chitinase [23]. The main proteins within these functional enzyme 
categories and their expression levels in each group were shown in 
Table S3. Overall, certain enzymes related to the degradation of cellu-
lose, hemicellulose, and lignin degradation, showed significantly high 
expression levels in each group, whereas those of pectinase and esterase 
were relatively low across all groups. Furthermore, an in-depth analysis 
was conducted to investigate the differential protein expression profiles 
among various comparisons (Fig. 5b and Fig. S1). Specifically, in this 
study, these comparisons were obtained by comparing each of the other 
groups against the CMC group. The CSL group was separated from the 
other comparisons and the SD group clustered closely with the CSK 
group. The Mix group showed a closer relationship with the CC, CH, and 
Bran groups (Fig. 5b).

For cellulose degradation enzymes, according to the clustered heat-
map analysis, the CSL group was significantly different from other 
groups, and the Mix group was closest to the CC and CH groups 

(Fig. S1a). Enzymes belonging to the representative GH3 family had 
relatively high expression levels in the CH and Mix groups. In contrast, 
the GH6 (MDBOrad1_15394) and GH7 (MDBOrad1_05282) families 
(belonging to cellobiohydrolase), GH10 (MDBOrad1_06259, related to 
Endo-1,4-beta-xylanase), as well as AA9 (MDBOrad1_02063, belong to 
endo-beta-1,4-glucanase D) were significantly downregulated in all the 
comparisons. This indicated that these enzymes achieved comprehen-
sively high expression abundance in the CMC group (Fig. S1a). 
Regarding hemicellulose degradation, the Bran and CSL groups clus-
tered together and were separated from other groups (Fig. S1b). Addi-
tionally, the Mix group clustered with the CSK group, indicating a 
similarity between these two groups in terms of hemicellulose degra-
dation. Representative families such as GH27, GH35, and GH51 showed 
a high level of upregulated expression in all comparisons, while the 
enzymes from GH45 and GH43 families exhibited an obvious down-
regulated expression. As for the expression of lignin-degrading enzymes, 
based on the clustered heatmap analysis, the SD group was remarkably 
separated from the other groups, while the CH group and the Mix group 
were relatively close to the CSL group and the CC group, respectively 
(Fig. S1c). Approximately one-third of the representative enzymes from 
the AA1, AA3, AA5, and AA7 families were upregulated in all compar-
isons, while about half of them were downregulated. Among these, 
MDBOrad1_11676 (AA3) and MDBOrad1_13266 (AA7), were signifi-
cantly downregulated in the CH, CSL, and CC groups when compared to 
the CMC group (Fig. S1c). The analysis of the pectinase- and esterase- 
related enzymes also revealed that the SD group differed from the 

Fig. 4. Functional analysis of the secretome proteins. (a) Quantitative display of different types of secreted proteins in each group: Bran, for bran; CH, for cottonseed 
hull; CC, for corncob; CSK, for cornstalk; CSL, for corn steep liquor; SD, for sawdust; Mix, for the mixture; CMC, for carboxymethyl cellulose. Columns in different 
colors indicate the relative types of the secreted proteins. (b) Distribution of enriched KEGG for all the secreted proteins. The vertical axis represents the five primary 
pathway types, including Metabolism, Genetic Information Processing, Environmental Information Processing, Cellular Processing, and Organismal Systems. Each 
bar represents the secondary pathway type, with the number indicating the quantity of relevant proteins enriched in each secondary pathway. (c) Top 20 enriched 
KEGG pathways of all the secreted proteins. The vertical axis represents the top 20 pathways and the horizontal axis indicates the quantity of the proteins enriched in 
this pathway.
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other groups (Fig. S1d). Above all, it was evident that CAZymes in the 
CMC group were mainly associated with cellulose degradation. The Mix 
group clustered with different groups (including the CH, CSK, CC, and 
Bran groups), depending on different functional enzymes. This illus-
trated the tendency of different substrates in the Mix group to trigger the 
production of related enzymes. The top 50 proteins with significant 
differences among the comparisons were displayed in Fig. 5c. Among 
them, enzymes related to hemicellulose degradation and lignin degra-
dation account for the major portion.

3.6. Analysis of the expression of other secreted proteins between different 
groups

In this study, other types of secretome proteins, including oxidore-
ductase, phosphatase, lipase, and protease & peptidase were identified 
as illustrated in Table S4. The CSK group showed the largest number of 
proteins related to oxidoreductase and protease & peptidase (Fig. 4a). 
Subsequently, all groups were contrasted with the CMC group, to 
analyze the differential protein levels of each comparison. Clustered 
heatmap analysis revealed that the protein expression pattern in the CSK 
group was significantly distinct from that of the other groups (Fig. 6), 

Fig. 5. Functional classification of CAZymes. (a) Quantity and classification of CAZymes induced by different substrates. GH, glycoside hydrolases; PL, poly-
saccharide; CE, carbohydrate esterases; AA, auxiliary activities; CBM, carbohydrate-binding modules. (b) Heatmap of the differential protein expression of the 
CAZymes among the comparisons. The heatmaps display the log2(foldchange) of protein abundance in various comparisons, where each group is separately 
compared to the CMC group. Each row corresponds to a specific protein. (c) The chord diagram displays the top 50 differential proteins. The colors and symbolic 
attributes of the protein IDs are shown in the legend.
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indicating the unique and diverse secreted proteins induced by corn-
stalks. In addition, the CSK vs CMC comparison showed the largest 
number of down-regulated proteins. Regarding oxidoreductase- and 
phosphatase- related to proteins, the SD and CC groups clustered in 
proximity. Similarly, the CSL and Mix groups were also closely clustered 
(Fig. 6a). As for lipase and protease & peptidase-related proteins, the SD 
and CC groups, along with the CH and Mix groups, were significantly 
clustered together (Fig. 6b). It was evident that the SD and CC groups 
were the most proximate, whereas the other four groups, Bran, CH, CSL, 
and Mix, were relatively close to one another. Among them, the Mix 
group was comparable to the CSL group in terms of oxidoreductase and 
phosphatase, while it resembled the CH group in terms of protease & 
peptidase.

3.7. Relationships between extracellular enzyme activity and the 
expression abundance of CAZymes in the Secretome

Redundancy analysis (RDA) showed a correlation between the 
extracellular enzyme activity and the protein expression of the related 
CAZymes (Fig. 7). The extracellular enzyme activity on the first ordi-
nation axis accounted for 23.89 % of the observed variations, and the 
second ordination axis explained 19.32 %. Regarding the expression of 
CAZyme proteins, the CMCase activity, represented by the shortest line, 
had the least impact on the secretome compared to other enzyme 

activities. A positive correlation was evident between the cornstalk 
substrate and CMCase activity, as well as between the CMC substrate 
and xylanase activity. Key enzymes contributing to these two extracel-
lular enzymes activities included GH6 (MDBOrad_15394), GH10 
(MDBOrad_11699), GH152 (MDBOrad_20668), and CBM67 
(MDBOrad_13561). In contrast, the corn steep liquor or bran substrate 
exhibited a positive correlation with MnP, laccase, amylase, and extra-
cellular protein content, with enzymes mainly involved were those 
related to AA1 family, such as MDBOrad_21219, MDBOrad_19878, 
MDBOrad_21230. However, the cottonseed hull or sawdust substrate 
was negatively correlated with all these enzyme activities.

4. Discussion

Lignocellulose is a highly variable and complex biomaterial 
composed of cellulose, hemicellulose, lignin, and pectin [46–48]. Fungal 
secretome proteins, consisting of a wide variety of extracellular enzymes 
and active metabolites, play a crucial role in lignocellulose degradation 
[28]. Previous research on cultivating Oudemansiella strains on various 
lignocellulosic substrates underscored their ability to produce lignocel-
lulosic enzymes, essential for material decomposition and mycelial 
growth [49,50]. This study investigated the secretome proteins of 
O. raphanipes cultured on diverse agro-residues as substrates. To eval-
uate the degradation capabilities of O. raphanipes regarding different 

Fig. 6. Heatmap of other types of secretomic proteins. (a) Proteins related to oxidoreductase and phosphatase. (b) Proteins related to lipase and protease & 
peptidase. 
The heatmaps display the log2(foldchange) of protein abundance for different comparisons, with red indicating the up-regulation and green indicating the down- 
regulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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culture substrates, the abundances of the secretome proteins derived 
from the substrates of bran, cottonseed hull, corncob, cornstalk, corn 
steep liquor, sawdust, the mixture, and CMC were respectively exhibited 
(Fig. S2).

4.1. Cellulose-degrading ability

White-rot fungi depolymerize crystalline cellulose with the aid of 
lytic polysaccharide monooxygenases (LPMO, AA9 family) [51]. Sub-
sequently, cellobiohydrolases (GH6 and GH7), endoglucanases (GH5, 
GH9, GH12, GH44 and GH45), endo-1,4-β-xylanaseas (GH10), as well as 
β-glucosidases (GH1 and GH3) fully digest the deploymerized cellulose. 
Generally, the efficient degradation of cellulose requires synergistic 
cooperation of cellobiohydrolases and endoglucanases [52]. In the 
secretome of O. raphanipes, two LPMO proteins (MDBOrad1_09950 and 
MDBOrad1_13334) were identified. MDBOrad1_09950 had a relatively 
high expression in the SD and CSL groups, and MDBOrad1_13334 was 
only expressed in the CSK, SD, and CMC groups. However, the SD group 
showed extremely low CMCase activity, indicating rate-limiting steps in 
other cellulose-degrading enzyme activities (Fig. 2c and S2a). In 
contrast, high CMCase activity was observed in the Bran, CH, and CMC 
groups, the first two of which were clustered together regarding the 
expression analysis of all cellulose-degrading enzymes (Fig. S2a). This 
was consistent with the results reported in other fungi, such as L. edodes, 
P. chrysosporiuma, and P. ostreatus [53], where rice bran was proved to 
be the best inducer of cellulase activity, and CMC and xylose were also 
effective [54]. Among these three groups, the Bran and CH groups 
showed an advantage in expressing GH3-family enzymes, while the CMC 
group had relatively high expression of GH6, GH7, and GH10 families. 
This implies the diversity and complexity of the cellulose degradation 
patterns in O. raphanipes. Notably, the GH6 and GH7 families, which 
belong to cellobiohydrolase, are responsible for degrading crystalline 
cellulose in most of the cellulolytic systems [52]. The high abundance of 
these two families may be the reason for the relatively high CMCase 

activity in the CMC group. However, the significantly high abundance of 
MDBOrad1_05282 (GH7) in the SD group did not lead to high CMCase 
activity (Table S3 and Fig. S2a). It was speculated that this was due to 
the lack of expression of some endoglucanases, which assist CBHs by 
creating new chain ends on cellulose [52]. In addition, compared with 
the CMC group, all groups showed a comprehensive increase in the 
expression of MDBOrad1_01358 (GH5_9), where the enzyme abundance 
was quite low (0.012). This suggested the induction ability of natural 
carbon substrates on this enzyme.

4.2. Hemicellulose-degrading ability

Hemicelluloses, accounting for 20–35 % of the lignocellulosic 
biomass, are covalently linked to lignin and hydrogen-bonded to cellu-
lose, creating complex frameworks that endow the cell wall with 
structural stability [55,56]. Hemicelluloses primarily consist of xylans, 
and their degradation requires the action of various enzymes, including 
xylanases, β-xylosidases, glucuronidases, α-L-arabinofuranosidases, and 
acetylxylan esterases [57]. In this study, xylanase activity was deter-
mined to indicate hemicellulose-degrading ability (Fig. 2d). Fungal 
xylanases are mainly classified into the GH10, GH11, and GH30 families 
in the CAZy database [58]. Among them, xylanases from the GH10 or 
GH11 family are the major xylan-degrading enzymes in nature, as re-
ported in wild-type fungus Fusarium oxysporum and white-rot fungus 
P. chrysosporium [58,59]. In this study, the CMC group exhibited the 
highest xylanase activity, which was consistent with the fact that it had 
the highest abundance of the enzymes from GH10 and GH11 families 
encoding endo-1,4-beta-xylanase (Fig. S2b and Table S3). It has been 
proved that CMC effectively induces xylanase activity in G. applanatum 
[54]. The CC group had relatively high xylanase activity due to the corn 
cob substrate, rich in cellulose and xylan, effectively inducing xylanase 
production [60]. The SD and CH groups exhibited the lowest xylanase 
activity and were also clustered together (Fig. S1b), indicating weak 
xylanase induction by these two substrates in O. raphanipes.

4.3. Lignin-degrading ability

Lignin is the second most abundant component within lignocellu-
lose. However, it reduces the efficiency of fungal fiber degradation by 
restricting the access of cellulolytic enzymes to cellulose and hemicel-
lulose [61]. Therefore, disrupting the lignin structure is a crucial pre-
requisite for the effective utilization of lignocellulose. The primary 
enzymes playing crucial roles in lignin degradation can be sorted as 
lignin-modifying enzymes, which include laccases (belong to AA1), 
manganese peroxidases (MnPs), versatile peroxidases (VPs), and lignin 
peroxidases (LiPs) [26,62]. The latter three belong to the AA2 family 
and are considered key enzymes in lignin degradation as their encoding 
genes are exclusive to the genomes of white-rot fungi [62]. Additionally, 
companion enzymes co-expressed with peroxidases from the AA3, AA5, 
and AA7 families also participate in this process. Not all white-rot ba-
sidiomycetes possess identical ligninolytic enzyme systems. For 
example, genome sequencing of P. ostreatus revealed the absence of Lips, 
along with the presence of three VPs and six MnPs [63,64]. In the 
secretome of A. bisporus, two MnPs were identified [30], while in the 
secretome of O. raphanipes, 12 laccases, one MnP3, and three VPs were 
detected.

In this study, the activities of laccase and MnP exhibited similar 
trends (Fig. S2c), suggesting a potential synergistic effect between them. 
In basidiomycetes such as P. ostreatus and L. edodes, which mainly 
degrade lignin during the mycelial growth phase, laccase, and peroxi-
dase are of critical importance [65,66]. Similarly, in A. bisporus and 
G. lucidum, the expression of lignin-modifying enzymes was significantly 
higher during mycelial growth [67,68]. During the secretome assay of 
all groups, laccase-related proteins showed a high expression abun-
dance, especially the laccase-2 encoded by MDBOrad1_21219, 
MDBOrad1_19878, and MDBOrad1_21230. Among these groups, the 

Fig. 7. Redundancy analysis of the indicated enzyme activity and the expres-
sion of the CAZymes related to lignocellulose degradation. The arrow length 
represents the intensity of the enzyme activity influence on CAZymes of the 
secretome. The angle between the arrow and the axis represents the correlation 
between the indicated enzymes and the axis; smaller angles correspond to 
higher correlations. The distance between each sample point and arrow in-
dicates the strength of the effect of the indicated enzymes on the sample. The 
asterisks represent the dominant proteins of the CAZymes. CMA, CMCase; AMY, 
amylase; LAC, laccase; MNP, manganese peroxidase; XYL, xylanase; EPC, 
extracellular protein content.
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CSL group had the highest abundance of laccases, followed by the Bran, 
Mix, CSK, and CC groups, while the CH and SD groups had the lowest. 
This finding was consistent with the results of the laccase enzyme ac-
tivity assay (Fig. 2a). The efficient induction of laccase production by 
corn steep liquor, as observed in this study, has been previously docu-
mented in P. ostreatus, Trametes versicolor, and Coriolopsis caperata 
[69,70]. This can be due to the effect of the organic nitrogen source 
present in corn steep liquor. Notably, research has reported an inverse 
relationship between nitrogen demand and lignin-degrading enzymes 
[71]. Moreover, bran, also rich of nitrogen, has been identified as a 
favorable substrate for laccase production in C. caperata and Cerrena 
unicolor [70,72]. Furthermore, it is worth noting that, except for the CSL 
group, the MnP activities in all groups were relatively lower compared 
to the laccase activities (Fig. 2b). Additionally, the expression abun-
dance of all identified proteins belonging to the AA2 family was insig-
nificant (Fig. S2d). One possible reason could be that only a single 
protein, MDBOrad1_13453, encoding MnP3 (with a notably low abun-
dance across all groups) was identified in the secretome of O. raphanipes. 
Another possible explanation might be related to the developmental 
stage, as studies on G. lucidum and P. eryngii have shown that laccase 
activity peaked during the mycelial growth stage, while MnP activity 
reached its maximum during primordia formation [31,73].

4.4. Amylase

Amylase can degrade the starch in nutritive substances like wheat 
bran, enabling the prior utilization of starch over other polysaccharides 
in the medium [65]. Through continuous enzyme activity assays, it was 
evident that O. raphanipes exhibited relatively strong amylase activity 
across all groups, with high amylase activity obtained from the early 
stage of mycelium cultivation (Fig. 2e). This was consistent with the 
result obtained from M. importuna when grown on different carbon 
sources [27]. Alpha-amylases are primarily categorized into four fam-
ilies: GH13, GH57, GH119, and GH126 [74]. Among these, the GH13 
family is recognized as one of the key enzyme families involved in starch 
metabolism [75]. In the secretome of O. raphanipes, only the proteins 
from the GH13 subfamily (GH13_1 and GH13_32) were detected 
(Table S3). Notably, three or more proteins within the GH13 family had 
undetectable expression abundances in the CH, CSK, and SD groups, 
which may explain the relatively low enzyme activities observed in 
these groups (Table S3). In contrast to this result, in L. edodes, the alpha- 
amylase (GH13) was significantly upregulated in the hyphal transcrip-
tional response to the cornstalk substrate [76]. This indicated the dif-
ferences in amylase induction by the same substrate between these two 
fungal species.

4.5. Pectinase

Pectin, a highly branched structural heteropolysaccharide, requires a 
broad array of enzymes for its degradation. Pectinase, in particular, is 
commonly used to biochemically decompose pectin-rich lignocellulosic 
waste biomass. In this study, 33 pectinases were identified from the 
eight proteomes (Table S3 and Fig. S2f). Among these, the most abun-
dant pectinase enzymes were pectate lyases (classified as PL1_2, PL1_7, 
PL3_2, and PL9_3), with the highest abundance observed in the CC and 
SD groups. Four alpha-L-mannosidase (GH78) and seven enzymes 
belonging to GH105 were identified, with differential expression 
abundance among different groups. A certain relationship between the 
expression abundance of pectinase-related proteins and mycelium 
growth was observed in this study. For example, the bran and CC groups, 
with high expression of most pectinase-related proteins, also showed 
better mycelium growth. Conversely, the CMC group had notably low 
pectinase expression and poor mycelium growth. In the CSK group, over 
half of the pectinase-related proteins had undetectable abundance, 
corresponding to low mycelium dry weight. The solubilization of pectin 
could enhance the accessibility of microorganisms and enzymes, thereby 

facilitating the decomposition of lignocellulose [76]. Previous studies 
have revealed that different Pleurotus species with more pectinase 
enzyme produced could degrade the pectin and yield more mycelium 
[77].

4.6. Growth comparison of different substrates

The growth and development of edible fungi are intricately influ-
enced by the cultivation substrate, which serves as the primary source of 
nutrients and environmental cues. Thus, choosing an appropriate 
cultivation substrate for edible fungi is crucial. When fungal species 
grow on plant-based materials, the genes and proteins they express 
reflect their unique lifestyle and specific lignocellulose conversion 
strategies. In this study, we employed Kirk’s liquid medium supple-
mented with eight different carbon sources. As expected, substrates rich 
in lignin were found to stimulate the expression of cellulase and hemi-
cellulase in O. raphanipes. Among the tested substrates, the Bran group 
exhibited a significant advantage in mycelium growth and dry weight. 
This group also exhibited notably high activities of amylase, laccase, and 
cellulase. Wheat bran has long been recognized as an excellent substrate 
for cultivating many mushroom species [70]. For instance, Macrocybe 
esculenta cultured on the bran-based medium achieved maximum 
biomass along with high activities of endoglucanase, β-glucosidase, 
amylase, and laccase [78]. Similarly, when Pleurotus spp. and L. edodes 
were grown on various agricultural wastes, adding rice bran increased 
the biological efficiency [53]. This higher enzyme activity in these bran- 
based cultures might be due to the enhanced availability of mono-
saccharides, polysaccharides, or nitrogen sources. These findings 
emphasized the importance of optimizing the C/N ratio of the ligno-
cellulosic residues by adding nitrogen sources for mushroom cultivation. 
Beyond bran, O. raphanipes mycelium also thrived on a medium sup-
plemented with cottonseed hulls. This observation was consistent with 
the previous cultivation studies on O. canarii, where a substrate 
composed of 80 % cottonseed hull and 18 % wheat bran was identified 
as the optimal growth condition after considering multiple factors [49]. 
RDA provided evidence that O. raphanipes could efficiently utilize cel-
lulose, as indicated by the relatively minor impact of CMCase activity on 
the secretomes of different groups. In the CSL group, the absence of solid 
matrixes prevented the mycelium from expanding on the surface. As a 
result, the mycelium grew in a submerged manner. Given the relatively 
high nitrogen content in corn steep liquor, this might have contributed 
to the significantly higher activities of laccase and MnP in this group 
(Fig. 2). Concurrently, the number of secreted proteins identified in this 
group was the lowest among all groups (Fig. 3). In contrast, when 
cultured in the lignin-rich sawdust medium, the mycelium formed a thin 
layer on the liquid surface, resulting in extremely low dry weight and 
protein content. This phenomenon can be attributed to the complex 
structure of lignin, which impedes the mycelium’s access to utilize the 
cellulose and hemicellulose components within the substrate. These 
results indicated that the sawdust had a limited capacity to induce 
lignin-degrading enzymes in O. raphanipes. The CSK group exhibited the 
greatest quality of secreted proteins, particularly those associated with 
oxidoreductase and protease & peptidase. Nevertheless, this group also 
showed the largest number of down-regulation proteins, which might be 
one of the factors contributing to the less vigorous growth of the 
mycelium. Finally, the RDA results revealed that the activities of laccase, 
MnP, and xylanase induced by different substrates had the most sub-
stantial effects on the expression of the secretome proteins, highlighting 
the key role of these enzymes in the substrate-mediated regulation of 
fungal cultivation.

5. Conclusions

This study systematically elucidated the lignocellulose degradation 
mechanism of O. raphanipes across eight different lignocellulosic bio-
masses, demonstrating significant metabolic plasticity in response to 
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substrate composition. Secretomic analysis revealed a complex enzy-
matic repertoire encompassing CAZymes, redox enzymes, phosphory-
lation enzymes, and proteases & peptidases. Notably, CMC-induced 
secretome showed extremely low expression abundance except for those 
of GH6, GH7, and GH10 families, while bran-induced mycelia exhibited 
upregulated cellulase, amylase, and pectinase expression correlated 
with superior growth performance. In the Mix group, the components of 
bran, cottonseed hull, and corncob exerted dominant effects on the 
CAZymes induction patterns, whereas sawdust, corn steep liquor, and 
cornstalk induced divergent expression profiles. Intriguingly, corn steep 
liquor and cornstalk, substrates least used in commercial cultivation, 
exhibited unique enzymatic induction profiles: corn steep liquor 
uniquely activated laccase-MnP redox system, while cornstalk induced 
broad-spectrum activities of oxidoreductases, lipases, and protease & 
peptidases. These findings provide mechanistic insights into substrate- 
specific enzyme induction patterns, highlighting the capacity of 
O. raphanipes for adaptive enzyme deployment. Building on these re-
sults, future research could explore synergistic substrate combination 
strategies to activate multi-enzyme systems (e.g. laccase-MnP system), 
dynamically balancing nutrient supply and enzymatic induction to 
achieve maximal lignocellulose-degrading enzyme expression. This 
approach establishes a theoretical framework for agro-residue-based 
enzyme production in white-rot fungi and paves the way for improved 
bioconversion processes.
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