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A B S T R A C T

Crop straws represent the enormous biomass resources convertible for sustainable biofuels and valuable bio
chemicals, but lignocellulose recalcitrance basically necessitates highly-efficient biomass processes under green- 
like manner. By incubating desirable Miscanthus (Msa6) straw with two classic white-rot fungi strains, this study 
examined effective wall polymer extractions from fungal secretions of four major types of lignocellulose- 
degradation enzymes and cofactors along with distinct metabolisms. Notably, the Lentinula edodes incubation 
secreted manganese peroxidase at extremely high activity for dominating lignin-network deconstruction, 
whereas the Pleurotus ostreatus incubation produced laccase with high activity for contribution to polysaccharide 
depolymerization indirectly through lignin oxidation and synergistic action with hydrolytic enzymes. Further
more, the integrative L. edodes and CaO pretreatments could mostly cause lignocellulose depolymerization 
accountable for much raised biomass porosity such as the specific surface area and pore volume raised by 47% 
and 44%, which resulted in a synergistically enhanced biomass enzymatic saccharification for the highest hexose 
yield raised by 33%, compared to the control (optimal CaO pretreatment with raw straw). Meanwhile, despite of 
relatively less hexose yield obtained, the integrated P. ostreatus and CaO pretreatments achieved the higher 
bioethanol and lactic acid yields than those of the controls by 40% and 41%, probably due to releasing the less 
toxic compounds that inhibit yeast and bacterial fermentations. Based on all major findings achieved, this study 
finally proposes a novel mechanism model to elucidate why synergistic lignocellulose depolymerization and 
modification are achieved from integration of two green-like pretreatments, thereby offering a selective strategy 
for enhancing hexoses, bioethanol and lactic acid productivity in bioenergy crops.

1. Introduction

Lignocellulose is the most abundant renewable resource on the earth, 
offering considerable production of sustainable biofuels and valuable 
biochemicals (Paz Cedeno et al., 2025). Lignocellulose is primarily 

composed of cellulose, hemicellulose, and lignin, which together form a 
complex matrix that constitutes structural framework of plant cell walls 
(Wang et al., 2024). However, intrinsic lignocellulose recalcitrance, 
mainly arising from the tightly interlinked lignin–carbohydrate 
network, causes a low-efficient biomass enzymatic saccharification and 
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high-costly biofuel conversion (Meenakshisundaram et al., 2021; Wan 
and Li. 2012).

To reduce lignocellulose recalcitrance, conventional acid and alkali 
pretreatments have been broadly implemented with diverse lignocellu
lose substrates by co-extraction of hemicellulose and lignin, but they 
basically require extreme conditions such as high temperatures and high 
concentrations, leading to the secondary waste release. (Beluhan et al., 
2023; Zhang et al., 2023a). These challenges have stimulated interests in 
green-like pretreatments by using recyclable chemicals and green li
quors or inoculating fungal penetration, and white-rot fungi treatments 
are considered as particularly promising solution due to their unique 
enzymatic repertoire and selective lignin-degrading capacity (Chen and 
Davaritouchaee. 2023; Saha et al., 2016).

White-rot fungi produce a diverse repertoire of extracellular oxida
tive enzymes such as manganese peroxidase (MnP), lignin peroxidase 
(LiP) and laccase (Lac), which oxidatively cleave lignin polymers with 
minimal cellulose degradation for improving cellulose accessibility 
(Civzele et al., 2023; Kipping et al., 2024). This selectivity is attributed 
to their ability to attack both phenolic and non-phenolic lignin units 
through radical-mediated reactions, preserving carbohydrate integrity 
for subsequent biomass saccharification (Deswal et al., 2014; Nguyen 
et al., 2024; Qi et al., 2023). For instance, Irpex lacteus achieves 43.8% 
lignin degradation in corn stover under non-sterile conditions, resulting 
in a sevenfold increase in enzymatic hydrolysis efficiency (Song et al., 
2013). Similarly, sequential treatments using Ganoderma lobatum and 
Gloeophyllum trabeum have demonstrated synergistic delignification for 
significantly enhancing glucose yields from wheat straw (Hermosilla 
et al., 2018). Despite these advantages, fungal pretreatment is con
strained by limitations such as extended incubation periods, variability 
in strain–substrate specificity, and potential holocellulose loss (Ding 
et al., 2019). To overcome those limitations, integrated biological and 
chemical pretreatments are being employed, but it remains to explore 
advanced technology for efficient biomass procsses with zero-biomass 
release.

Miscanthus is a leading bioenergy crop worldwide, due to its fast 
growth and well adaptation to environmental stress (Fan et al., 2024). 
The diverse Miscanthus accessions could not only provide enormous 
biomass resources, but they also represent distinct lignocelluloses 
recalcitrance (Alam et al., 2019; Brischke and Hanske. 2016; da Costa 
et al., 2019). In this study, we selected two representative Miscanthus 
accessions (Msa56, Msa6) distinctive at lignocellulose compositions and 
wall polymer features accountable for different lignocellulose recalci
trance (Fig. S1) (Ai et al., 2024). By performing time-course incubations 
with three types of mushroom fungal strains, this study determined 
distinctive lignocellulose depolymerization, and the optimal selectivity 
index was identified from desired Msa6 incubation with two fungi 
(Pleurotus ostreatus and Lentinula edodes) by calculation of lignin 
degradation ratio against cellulose degradation ratio. The fungal 
de-lignocellulose was further pretreated with mild CaO for reducing 
lignocellulose recalcitrance, leading to a synergistic enhancement of 
biomass enzymatic saccharification. Furthermore, this study performed 
yeast and L. paracasei fermentations for distinct bioethanol and lactic 
acid conversions, and all remaining residues were re-utilized for fungal 
growth as edible food source as described. Notably, based on proteomic 
assay and metabolomics profiling, this study finally proposed a novel 
mechanism model about how fungi involve in lignocellulose depoly
merization, providing an integrative strategy applicable for efficient 
biomass enzymatic saccharification towards distinct biofuel and 
biochemical conversions under a green manner.

2. Material and methods

2.1. Biomass and fungal strains preparation

Miscanthus straws were harvested from the experimental fields of 
Huazhong Agricultural University (Wuhan, China) during the 

2023–2024 growing season. Two genotypes (Msa56 and Msa6) were 
selected based on their distinct lignocellulose composition. Stems were 
oven-dried at 60 ◦C to a constant weight, mechanically ground, and 
sieved through a 40-mesh screen (425 μm) to obtain uniform powders. 
The powdered biomass was stored in a sealed container at room tem
perature until in use. The white-rot fungal strains (Ganoderma lucidum, 
Pleurotus ostreatus, and Lentinula edodes) obtained from the Biomass and 
Bioenergy Research Laboratory, Hubei University of Technology, were 
maintained on potato dextrose agar (PDA) slants at 4 ◦C and sub- 
cultured monthly. Active mycelia from 7-day-old PDA plates were 
used for incubation with Miscanthus lignocellulose as biological 
pretreatment.

2.2. Fungal pretreatment of Miscanthus lignocellulose

Biological pretreatment of Miscanthus was conducted using a solid- 
state fungal cultivation method in 250 mL glass culture bottles. Each 
bottle was loaded with 10 g of Miscanthus powder and 30 mL of mineral 
nutrient solution (2 g/L KH₂PO₄, 0.5 g/L MgSO₄⋅7H₂O, 0.1 g/L CaCl₂, 
and 10 mg/L thiamine; pH 6.0). The mixtures were thoroughly ho
mogenized and sterilized by autoclaving at 121 ◦C for 30 min. Six PDA 
plugs (1 cm in diameter) with full fungal mycelia were aseptically 
inoculated into the sterilized lignocellulose substrates, and incubated at 
28 ◦C under static dark for 28 days as previously described (de Cassia 
Spacki et al., 2023). Samples were respectively collected under 
time-course incubation (7, 14, 21, and 28 days) after fungal material was 
carefully removed using a sterile spatula (Ding et al., 2019). The residual 
substrate was separated by filtration through sterile gauze, and the 
filtrate was centrifuged at 6000 g for 10 min at 4 ◦C to collect the su
pernatant for enzyme activity assay. Crude enzyme extracts were ob
tained by re-suspending the mycelial mats in citrate buffer (pH 4.8) for 
laccase and manganese peroxidase activity assay in vitro. The insoluble 
residual biomass was washed three times with distilled water and dried 
to a constant weight at 60 ◦C. Control treatments were subjected to the 
same sterilization and incubation procedures without fungal inocula
tion. All experiments were accomplished at independent triplicate.

2.3. Chemical (CaO) pretreatment and enzymatic hydrolysis

A series of CaO pretreatments were conducted under different CaO 
concentrations (0%, 5%, 10%, 15%, 20%, and 25% w/w), reaction 
temperature (60, 80, and 100 ◦C), and reaction time (0, 3, 6, and 9 h) (Li 
et al., 2024). After the samples were centrifuged at 6000 g for 10 min, 
the lignocellulose residues were employed for enzymatic hydrolysis 
using 0.16% (w/v) the mixed-cellulases (cellulases at 10.60 FPU/g 
biomass and xylanase at 6.72 U/g biomass) obtained from Imperial Jade 
Biotechnology Co., Ltd. (HSB, Ningxia 750002, China). The enzymatic 
hydrolysis was conducted in a total reaction volume of 6 mL containing 
0.3 g pretreated lignocellulosic substrate, corresponding to a solid 
loading of 5% (w/v). The reaction mixture was prepared in citrate buffer 
(pH 4.8), supplemented with 1% (v/v) Tween-80 and conducted at 50 ◦C 
with shaking at 150 rpm for 48 h. After centrifugation, the supernatants 
were collected for sugars yield assay as previously described (Li et al., 
2018). Total hexoses (as glucose equivalents) and pentoses (as xylose 
equivalents) were respectively determined by the anthrone/H₂SO₄ 
orcinol/HCl methods (Baksi et al., 2019). All assays were performed 
under independent triplicate.

2.4. Bioethanol and lactic acid fermentations

For ethanol fermentation, the enzymatic hydrolysate was sterilized 
and incubated with our engineered yeast strain (E4, He et al., 2022) 
statically at 37 ◦C for 48 h. For lactic acid fermentation, the sterilized 
hydrolysate supernatant was adjusted to pH 5.5 and incubated with 
Lactobacillus paracasei (provided by the Fermentation Engineering Lab
oratory, College of Life Science and Technology, Huazhong Agricultural 
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University) at 37 ◦C for 36 h. After fermentations, the supernatants were 
respectively collected for measurements of ethanol and lactic acid con
centrations as previously described (Cheng et al., 2019; Liu et al., 2024). 
All experiments were accomplished under independent triplicate.

2.5. Enzyme activity assay

The crude enzyme extracts were collected from fungal incubation 
with Miscanthus lignocellulose, and were prepared following the 
extraction procedure described in Section 2.2. The activities of manga
nese peroxidase (MnP) and laccase (Lac) were respectively determined 
in vitro using commercial assay kits (Boxbio, Beijing, China) according to 
the manufacturer’s instructions (Hu et al., 2021). All experiments were 
performed in independent triplicate.

2.6. Proteomics analysis

Proteomic analyses of crude enzyme extracts were conducted by LC- 
MS/MS (Pu Ao Biotechnology Co., Ltd., Wuhan, China; Orbitrap Elite 
LC-MS/MS, Thermo, USA). The gel bands of target proteins were cut into 
small pieces (approximate1 mm x 1 mm), treated with destaining so
lution for 5 min, and washed three times. The gel pieces were then 
incubated with washing buffer at 26 ◦C with shaking at 1000 rpm for 
30 min, dehydrated with pure acetonitrile for 5 min, and dried under air. 
Reduction was performed by adding a reducing solution at 50 ◦C for 
30 min, followed by washing with ammonium bicarbonate and subse
quent alkylation at 25 ◦C in the dark for 40 min. The gel pieces were 
further washed thoroughly with washing buffer and ammonium bicar
bonate, dehydrated again with acetonitrile, and dried. Proteins were 
digested overnight at 37 ◦C by adding trypsin solution to cover the gel 
pieces. Peptides were extracted twice with extraction solution, and the 
combined supernatants were collected for subsequent mass spectrom
etry analysis. The samples were sequentially washed with acetonitrile 
and 0.1% formic acid by centrifugation twice to remove impurities. The 
sample solution was collected by centrifugation and washed again with 
0.1% formic acid. Desalting columns were transferred to new tubes and 
eluted with 60% acetonitrile containing 0.1% formic acid. The eluates 
were collected, lyophilized, and dissolved in 0.1% formic acid for 
further analysis. Samples were analysed using a Thermo Easy-nLC 1000 
liquid chromatography system coupled to a Q Exactive HF-X mass 
spectrometer. Peptides were separated on a C18 reversed-phase column 
(1.8 μm, 0.15 × 100 mm) with 0.1% formic acid in water and 100% 
acetonitrile as mobile phases at a flow rate of 600 nL/min over a 98-min 
gradient. Protein identification and quantification were accomplished 
using MaxQuant 2.1 software and the databases from Uniprot for Len
tinus edodes and Pleurotus ostreatus (uniprot-Lentinus_edodes.fasta; uni
prot-Pleurotus_ostreatus. fasta).

2.7. Metabolomics analysis

Metabolites were profiled using a Waters ACQUITY I-Class PLUS 
UPLC system coupled with a Xevo G2-XS QTOF mass spectrometer 
(Waters, USA). Separation was accomplished on an ACQUITY UPLC HSS 
T3 column (1.8 μm, 2.1 × 100 mm) with 0.1% formic acid in water (A) 
and acetonitrile (B) as mobile phases. Data were acquired in MSE mode 
using MassLynx V4.2 with a high-energy range of 10–40 V. ESI condi
tions included capillary voltage 2500 V (positive) or − 2000 V (nega
tive), source temperature 100◦C, and desolvation temperature 500◦C. 
Raw data were processed in Progenesis QI for peak alignment and 
normalization, and metabolites were annotated using METLIN and in- 
house databases. Differential metabolites were identified based on | 
FC= > 1.5, p < 0.05, and VIP > 1, and pathway enrichment was con
ducted using KEGG.

2.8. Determination of soluble sugars and cell wall composition

Soluble sugars and polysaccharides were extracted and quantified as 
reviously described (Peng et al., 2000). Lignin content was determined 
using a modified two-step acid hydrolysis method (Li et al., 2018). The 
biomass power was firstly extracted with benzene-ethanol (2:1 v/v) for 
4 h to remove extractives. The extracted residue was then hydrolyzed 
with 67% (v/v) H2SO4 at room temperature for 1.5 h, followed by 
dilution to 2.88% H₂SO₄ and incubation at 120 ◦C for 1 h. Acid-soluble 
lignin (ASL) in supernatant was measured by UV spectroscopy at 
205 nm. The remaining solid residue was incinerated at 575 ± 25 ◦C for 
4 h, and the acid-insoluble lignin (AIL) content was calculated from the 
weight loss after ash correction. Total lignin content was calculated as 
the sum of ASL and AIL (Li et al., 2024; Yu et al., 2025). All assays were 
accomplished under independent triplicat.

2.9. Physicochemical and structural characterization of residues

After the integrative pretreatments, the obtained solid residues were 
repeatedly washed with deionized water until neutral pH to remove 
residual chemical reagents and soluble by-products. The washed sam
ples were then dried in a forced-air oven at 60 ◦C to constant weight. 
After drying, the samples were ground and sieved through a 60-mesh 
screen to obtain powders with uniform particle size. The lignocellu
lose samples were characterized by advanced technology including 
scanning electron microscopy (SEM, TESCAN MIRA LMS, Czech Re
public), Fourier-transform infrared microspectroscopy (FTIR, Thermo 
Scientific, Nicolet iN10, USA), and X-ray diffraction (XRD, Lans Scien
tific, China). The specific surface area, pore size distribution, and pore 
volume of the biomass residues were evaluated by an automated surface 
area and porosity analyzer (BET, Micromeritics ASAP 2460, USA).

2.10. Reuse of enzymatic hydrolysis residues as fungal culture medium

The enzyme-undigestible residues of Miscanthus were collected, 
oven-dried at 60 ◦C to constant weight, and milled to pass through a 40- 
mesh sieve. Pleurotus ostreatus was inoculated onto either standard po
tato dextrose agar (PDA) or the solid media supplemented with enzyme- 
undigestible residues powders at 2%, 4%, and 6% (w/v). Cultures were 
incubated at 25 ◦C for 7 days under dark. Mycelial growth was assessed 
by harvesting the biomass, rinsing with distilled water, and oven-drying 
at 60 ◦C to constant weight for dry-weight determination.

2.11. Statistical calculation

The major experiments were conducted with three biological repli
cates (n = 3), and each replicate was originated from an independent 
cultivation or pretreatment batch. Technical replicates were performed 
for analytical measurements. Mean values and standard deviation (SD) 
were calculated using Microsoft Excel 2021 (Redmond, WA, USA). 
Graphical representations, including point diagrams with fitted curves 
and histograms, were generated using Origin 8.5 software (Microcal 
Software, Northampton, MA). One-way ANOVA was performed using 
SigmaPlot 11.2.0.5 to assess significant differences among treatments.

3. Results and discussion

3.1. Distinct depolymerization of Miscanthus accessions from fungal 
incubations

In this study, we selected two Miscanthus accessions (Msa56 and 
Msa6) distinctive at lignocellulosic compositions and wall polymer 
features (Tables S1 & S2). As a comparison, the Msa6 accession con
tained significantly less cellulose and lignin levels than those of Msa56 
accession by 12% and 17%, leading to hemicellulose content raised by 
39% at p < 0.001 level (n = 3). In terms of wall polymers features, the 

J. Li et al.                                                                                                                                                                                                                                         Industrial Crops & Products 246 (2026) 123224 

3 



Msa6 accession showed either reduced crystalline index or increased 
degree of polymerization of cellulose microfibrils, compared to the 
Msa56, whereas H- and S-monomer proportions of lignin substrates 
were significantly varied between two accessions (Li et al., 2014; Pei 
et al., 2016; Skiba et al., 2026; Yu et al., 2025). Using these two distinct 
Miscanthus accessions, this study initially performed biological pre
treatments by incubating with three white-rot fungal species (Gano
derma lucidum, Pleurotus ostreatus, and Lentinula edodes; Fig. S2). Under 
time-course fungal incubations for 7 days to 28 days (Fig. S3), a 
consistently lignocellulose depolymerization was observed between two 
Miscanthus accessions (Table 1; Tables S3 & S4). As a comparison, the 
L. edodes incubation caused relatively more lignin and hemicellulose 
coextractions with less cellulose reduction among the three fungi in
cubations, whereas the P. ostreatus incubation showed slightly more 
lignin and hemicellulose coextractions than those of the G. lucidum. 
Meanwhile, the three fungi incubations with Msa6 accession were 
relatively more effective for lignin and hemicellulose coextractions, 
which should be accounting for its lower lignocellulose recalcitrance 
compared to the Msa56 (Derba-Maceluch et al., 2025). As a compre
hensive comparison, the selectivity index (SI) values were evaluated 
among the three fungi incubations with two Miscanthus accessions 
(Table 2), and the SI calculated as the ratio of lignin degradation to 
cellulose degradation, is specifically accounting for the preferential 
lignin degradation by fungus rather than for the total extent of biomass 
degradation. As a result, the Msa56 accession achieved the highest SI 
values (1.3, 1.08) from 28-day incubation with P. ostreatus and L. edodes 
strains, respectively, but about 19% biomass was lost at this stage 
(Table S3). But, the Msa6 accession remained high SI values (1.12, 1.62) 
with relatively less biomass loss from 21-day incubations with 
P. ostreatus and L. edodes (Table S4). Even though the G. lucidum strain 
showed a high SI value from 28-day incubation with Msa6 accession, 
about 26% of total biomass was lost, which should not be considerable 
strain for biological pretreatment. Therefore, combined SI metrics with 
acceptable less biomass loss, the P. ostreatus and L. edodes were selected 
for further experiments in this study.

3.2. Characteristic enzyme activity and proteomics profiling of fungal 
incubation

To understand lignocellulose depolymerization from fungal in
cubations, this study determined two major de-lignin enzymes activities 
from fungi incubations with two Miscanthus accessions in vitro (Fig. 1). 
As a result, the P. ostreatus and L. edodes strains showed much higher 
manganese peroxidase (MnP) activities than those of the G. lucidum, in 
particular after 14–21days incubations with desired Msa6 accession 
(Fig. 1 C), which confirmed their distinct de-lignin capacities as exam
ined above. By comparison, the P. ostreatus strain remained higher lac
case activity, whereas other fungi strains had relatively low ones after 
14-day incubations (Fig. 1 B & D), indicating that the MnP enzyme 
could consistently play a major role for lignin depolymerization of 
Miscanthus lignocelluloses. To confirm this finding, proteomics assays 
were conducted for two major fungi (P. ostreatus, L. edodes) incubations 

with Msa6 accession (Tables 3 and 4), and the MnP enzyme was iden
tified with much higher coverages than those of the laccase enzyme, 
being consistent with their distinct enzyme activities examined in vitro. 
Meanwhile, other three groups of the enzymes were identified for xylan 
and cellulose digestions and modifications, but the enzymes types and 
quantities of each group were varied between two fungal incubations, 
suggesting a distinct metabolism of for lignocellulose depolymerization 
(de Figueiredo et al., 2021; Li et al., 2023; Qi et al., 2025). Notably, as 
both fungi strains secreted a conserved set of oxidative and hydrolytic 
enzymes such as lytic polysaccharide monooxygenase (LPMO), carbox
ymuconolactone decarboxylase, β-glucosidase, and cellobiohydrolase, 
indicating a shared oxidative–hydrolytic framework for effective 
lignocellulose depolymerization (Monteiro et al., 2025; Pellegrino et al., 
2022).

3.3. Diverse metabolomic pathways from fungal secretions

As two fungi incubations distinctively released the enzyme activities 
and enzyme compositions, this study conducted metabolomic assays of 
the supernatants released from two fungal incubations with the desired 
Msa6 accession (Fig. S4). In general, ten metabolism pathways were at 
least identified based on available data, but they were mostly different 
between two fungi incubations (Fig. 2; Fig. S5), indicating that multiple 
metabolisms were distinctively enriched in two fungi strains for 
secreting lignocellulose-degradation enzymes. Further combined with 
proteomics assays with higher abundances of multicopper oxidase, aryl- 
alcohol oxidase, glyoxal oxidase, and manganese peroxidase from 
L. edodes incubation, its metabolomic profiles exhibited consequent 
enrichment of oxidative and lipid-derived metabolites such as ribo
flavin, linoleic acid, and stearidonic acid together with activation of 
α-linolenic acid metabolism and monoterpenoid biosynthesis pathways 
(Huang et al., 2022; Tang et al., 2020). In this system, α-linolenic acid 
primarily acts as a redox mediator for directly participating in reactions 

Table 1 
Biomass composition (% dry matter) alterations of two Miscanthus (Msa56, Msa6) accessions after incubated with three fungi (G. lucidum, P. ostreatus, and L. edodes) for 
21 days.

Sample Cellulose (%) Hemicellulose (%) Lignin (%) Other (%) Weight loss (%)

Msa56 Control 29.39 ± 1.12 11.3 ± 0.16 23.04 ± 1.59 36.27 ± 0.53 NA
G. lucidum 21.7 ± 1.07 10.47 ± 0.49 19.08 ± 0.22 35.91 ± 0.88 12.83 ± 0.78
P. ostreatus 21.92 ± 0.45 8.54 ± 0.18 19.03 ± 0.53 36.37 ± 0.26 14.13 ± 1.11
L. edodes 23.41 ± 0.38 8.43 ± 0.11 18.79 ± 0.73 36.84 ± 0.61 12.53 ± 0.05

Msa6 Control 25.84 ± 1.19 15.69 ± 0.27 19.18 ± 0.44 38.96 ± 0.25 NA
G. lucidum 23.85 ± 0.57 9.4 ± 0.56 18.07 ± 0.27 30.41 ± 0.81 18.27 ± 0.26
P. ostreatus 23.32 ± 0.12 9.68 ± 0.37 17.19 ± 0.46 37.31 ± 0.25 12.5 ± 0.24
L. edodes 23.83 ± 0.24 9.25 ± 0.55 16.84 ± 0.71 34.48 ± 1.01 15.6 ± 0.22

Data as means ± SD (n = 3); Control as raw straw of Miscanthus without fungi incubation; NA as not available data.

Table 2 
Selectivity index (SI) of three fungi (G. lucidum, P. ostreatus, L. edodes) in
cubations with mature straws of two Miscanthus (Msa56, Msa6) accessions under 
time course.

Sample Incubation 
days

Fungal strain

G. lucidum P. ostreatus L. edodes

Msa56 7 0.34 ± 0.08c 1.84 ± 1.3a 0.68 ± 0.17bc

14 0.46 ± 0.07c 1.49 ± 0.31ab 0.61 ± 0.1bc

21 0.67 ± 0.07bc 0.68 ± 0.06bc 0.91 ± 0.18bc

28 0.65 ± 0.08bc 1.3 ± 0.18abc 1.08 ± 0.18abc

Msa6 7 0.2 ± 0.13e 0.16 ± 0.14e 0.54 ± 0.24de

14 0.66 ± 0.55de 0.47 ± 0.29de 1.93 ± 1.19bc

21 0.88 ± 0.31bcde 1.12 ± 0.27bcde 1.62 ± 0.3bcd

28 3.27 ± 1.18a 0.72 ± 0.08cde 2.1 ± 0.59ab

SI was calculated as the ratio of lignin degradation to cellulose degradation, 
based on the absolute mass loss of lignin and cellulose; Data as means ± SD 
(n = 3) and small letters (a-d) as multiple t-test at p < 0.05 level among all data 
presented
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from initiating and sustaining lipid peroxidation chain reactions to 
generating highly reactive oxidative species, which could destruct the 
recalcitrant structure of lignin (Kapich et al., 2010). In addition, 
white-rot fungi not only degrade lignocellulose but also produce diverse 
secondary metabolites, including terpenoids and phenolic compounds 
during their metabolic processes (Pinar and Rodríguez-Couto. 2024). 
This findings reveal a dominated deconstruction of the lignin network 
via radical-mediated oxidation, in which lipid peroxidation derivatives 
may act as mediators or secondary messengers in ligninolytic processes 

for improved wall polysaccharides accessibility (Zhao et al., 2024). In 
contrast, the P. ostreatus incubation showed relatively lower oxidative 
metabolites, but had potentially higher accumulation of carbohydrate 
derivatives, suggesting a metabolic strategy towards a direct hydrolytic 
depolymerization of hemicellulose and cellulose as supported by its 
distinct enzyme secretion profile (He et al., 2024; Pellegrino et al., 2022; 
Siaperas et al., 2025). This interpretation is supported by the previous 
studies about elevated hydrolytic enzyme activities during substrate 
colonization and composting such as cellulolytic enzymes 

Fig. 1. Activity assays of manganese peroxidase (MnP) and laccase in the crude enzyme extracts of three fungi (G. lucidum, P. ostreatus, L. edodes) in
cubations with raw straws of two Miscanthus accessions (Msa56, Msa6) under time course. Data as means ± SD (n = 3).

Table 3 
LC-MS/MS analysis of total enzymes secreted by Pleurotus ostreatus from 21-day 
incubation with Msa6 straw.

Enzyme 
type

Accession 
number

Coverage 
(%)

Peptides Unique 
peptides

Manganese peroxidase A0A1Q3DXT5 39 2 2
Laccase A0A1Q3E7K8 8 1 1
endo-1,4-β-xylanase A0A1Q3ENG9 10 5 5
1,4-β-xylosidase A0A1Q3EF30 5 2 2
β-L-arabinofuranosidase A0A1Q3DV08 6 1 1
Endoglucanase A0A1Q3ET78 5 4 4
Cellobiohydrolase A0A1Q3EU06 13 3 3
β-Glucosidase A0A1Q3E9R7 6 2 2
Glyoxal oxidase A0A1Q3ECK6 7 2 2
Carboxymuconolactone 

decarboxylase
A0A1Q3E9L4 5 1 1
A0A1Q3E9T1 16 1 1

Lytic polysaccharide 
monooxygenase 
(LPMO)

A0A1Q3ECE1 19 4 4

Table 4 
LC-MS/MS analysis of enzymes secreted by Lentinula edodes from 21-day incu
bation with pretreated Msa6 straw.

Enzyme 
type

Accession 
number

Coverage 
(%)

Peptides Unique 
peptides

Manganese peroxidase A0A8H6ZTD6 13 2 2
Laccase B7XGB7 8 1 1
endo-1,4-β-xylanase A0A8H7DNA7 3 2 2
1,4-β-xylosidase A0A8H6ZHH2 2 1 1
Endoglucanase A0A8H6ZVZ0 9 2 2
Cellobiohydrolase A0A8H7DTU0 3 1 1
β-Glucosidase A0A8H7A7N7 1 1 1
Glyoxal oxidase A0A8H6ZID9 2 1 1
Aryl-alcohol oxidase A0A8H7A1A0 1 1 1
Multicopper oxidase A0A8H6ZYI6 2 2 2
Lytic polysaccharide 

monooxygenase 
(LPMO)

A0A8H6ZLZ7 7 3 3
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(endoglucanase, cellobiohydrolase, β-glucosidase) and hemicellulolytic 
enzymes (xylosidase, glucuronidase) (Hřebečková et al., 2020; Petraglia 
et al., 2025). Therefore, while L. edodes appears to rely mainly on strong 
oxidative metabolism to modify lignin and generate reactive 

intermediates, whereas P. ostreatus was likely to engage in hydrolytic 
cleavage of wall polysaccharides although this remains to be validated 
in the futural experiments.

Fig. 2. KEGG pathway enrichment analyses of metabolomes from two fungal incubations with Miscanthus straws for 21 days. (A) Pleurotus ostreatus; (B) 
Lentinula edodes. Each bubble represents a specific KEGG pathway and the Rich Factor (x-axis) indicates the proportion of differentially enriched metabolites mapped 
to a given pathway; The bubble size corresponds to the number of metabolites within the pathway, and the color intensity represents the p-value from the enrichment 
analysis, with a darker color as greater statistical significance.

Fig. 3. Biomass saccharification by calculating hexoses yields released from enzymatic hydrolyses after optimal CaO pretreatments with the desired 
Miscanthus (Msa6) lignocellulose pre-incubated with two fungi (P. ostreatus, L. edodes) strains for 21 days. (A) CaO pretreatment with raw straw of Miscanthus 
at different concentrations; (B) 20% CaO pretreatment at different temperatures; (C) 20% CaO pretreatment at 80 ℃ under different treatment times; (D, E) Optimal 
CaO pretreatment (20% CaO at 80 ℃ for 3 h) with fungi pre-incubated lignocellulose; CaO as optimal pretreatment with raw straw; Bars as means ± SD (n = 3); 
Different letters (a-c) of the bars as significant differences among treatments (p < 0.05) by multiple t-test.
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3.4. Synergistically enhanced saccharification from integrated CaO and 
fungi pretreatments

Since fungal incubations only extracted small amounts of hemicel
lulose and lignin, the second-step chemical pretreatments are conducted 
for further reducing lignocellulose recalcitrance. By using two recy
clable solid and liquid alkali chemicals (CaO, NH₃⋅H₂O) under a series of 
concentrations, this study initially attempted to find out the optimal 
pretreatments with raw straws of two Miscanthus accessions (Fig. S6) 
(Liu et al., 2021; Wang et al., 2025). Under 20% CaO pretreatments, two 
Miscanthus accessions showed the highest hexose yields released from 
enzymatic hydrolyses of pretreated-lignocellulose substrates, which 
were accountable distinct biomass enzymatic saccharification of two 
accessions. By comparison, two Miscanthus accessions had slightly 
enhanced biomass saccharification as the NH₃⋅H₂O concentrations were 
rising, but they remained much lower hexose yields than those of the 
CaO pretreatments. Therefore, this study focused to optimize the CaO 
pretreatment with desirable Miscanthus accession (Msa6) under various 
pretreatment temperatures and times (Fig. 3 A-C). The optimal CaO 
pretreatment (20%, 80 ◦C, 3 h) was further performed with the ligno
cellulose residues from two fungal incubations, and significantly 
increased hexoses yields (% cellulose or % dry matter) were determined 
compared to the controls (raw Miscanthus straw, CaO-pretreated ligno
cellulose) (Fig. 3 D & E), indicating a synergistic enhancement of 
biomass enzymatic saccharification from two-step pretreatment (fungi 

biological and CaO pretreatments), namely as P. ostreatus+CaO and 
L. edodes+CaO samples. Particularly, the L. edodes+CaO sample 
exhibited the highest hexose yields among all samples examined, which 
were higher than those of the control (CaO pretreatment) by 44% and 
33%. suggesting a relatively more reduced lignocellulose recalcitrance 
from those integrated biomass processes.

3.5. Contrastively improved bioethanol and lactic acid conversions

By collecting all hexoses released from enzymatic hydrolyses, this 
study respectively conducted yeast (Saccharomyces cerevisiae) and bac
terial (Lactobacillus paracasei) fermentations for bioethanol and lactic 
acid production (Fig. 4 A & B). Compared to the raw straw sample, the 
optimal CaO pretreatment could cause much increased bioethanol and 
lactic acid yields up to 3-fold, but optimal CaO pretreatments with 
fungal-incubated lignocelluloses further increased both bioethanol and 
lactic acid yields, being consistent with its enhanced biomass sacchari
fication examined. Unexpectedly, despite that the two-step 
L. edodes+CaO pretreatments caused the highest hexoses yields, the 
highest bioethanol and lactic acid yields were achieved with the 
P. ostreatus+CaO sample, which were significantly higher than those of 
either CaO pretreatment (with raw straw) by 40% and 41% or the raw 
straw (without pretreatment) by 3.4- and 3.6 folds. These findings were 
confirmed by calculations of hexoses-ethanol and hexose-lactic acid 
conversion rates or by the mass balance analyses from yeast and 

Fig. 4. Bioethanol and lactic acid productions from yeast and L. paracasei fermentations with the hexoses released from enzymatic hydrolyses after 
optimal CaO pretreatments with the desired Miscanthus (Msa6) straw pre-incubated with two fungi (P. ostreatus, L. edodes) strains for 21 days. (A) Ethanol 
yield (% cellulose); (B) Lactic acid yield (% cellulose). (C) Hexose-ethanol conversion rate (%). (D) Hexose-lactic acid conversion rate (%). CaO as optimal pre
treatment with raw straw; Bar as means ± SD (n = 3); Different letters (a-c) of the bars as significant differences among treatments (p < 0.05) by multiple t-test.
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bacterial fermentations (Fig. 4 C & D; Fig. S7), suggesting that the 
P. ostreatus incubation may produce relatively less toxic compounds that 
inhibit both yeast and bacterial fermentations (Gashaw et al., 2020; 
Giacon et al., 2025; Guido et al., 2023; Yin et al., 2025). Therefore, these 
two fungal incubations with desirable Miscanthus straw provided the 
selectivity for maximizing hexoses, bioethanol and lactic acid products.

3.6. Characteristic lignocellulose modifications from integrative fungal 
and CaO pretreatments

To understand how the lignocellulose substrates are digestible and 
convertible from integrative fungal and CaO pretreatments, this study 
observed lignocellulose morphogenesis from sequential de- 
lignocellulose processes of desirable Miscanthus (Mas6) straw (Fig. 5
A-D). Compared to the smooth and compact lignocellulose face of raw 
straw, the CaO-pretreated lignocellulose exhibited a rough and dis
rupted surface, and the integrated fungi+CaO pretreatments could 
further destruct lignocellulose into fragments. Particularly, the 
L. edodes+CaO sample showed the mostly disrupted lignocellulose sur
face, which was accountable for its relatively more lignin and hemi
cellulose extraction (Fig. S7). Meanwhile, this study performed a classic 
BET assay to detect biomass porosity in the pretreated-lignocellulose 
substrates (Fig. 5 E & F). Compared to the CaO-pretreated lignocellu
lose, both P. ostreatus+CaO and L. edodes+CaO samples respectively 
showed the specific surface areas raised by 58.8% and 46.5%, but only 
L. edodes+CaO sample had increased pore volume by 44.1%, being 
consistent with its mostly altered lignocellulose morphogenesis as just 
observed (Zhang et al., 2025). Based on lignocellulose crystallinity 
assay, all three pretreated samples showed increased CrI values relative 
to the raw straw (Fig. 5 G), which was mainly due to the hydrogen bonds 
disassociation vis wall polymer extractions by pretreatment (Alam et al., 
2020). However, the P. ostreatus+CaO and L. edodes+CaO samples had 
relatively reduced CrI values compared to the CaO-pretreated one, 
which may be due to relatively more cellulose digestion from the inte
grated pretreatments conducted (Fig. S7). In addition, the FTIR profiling 

was observed for insight into interlinkage change from wall polymer 
extraction (Fig. S8). As a comparison with raw straw sample, the char
acteristic peaks associated with lignin (1241 cm⁻¹, 1512 cm⁻¹, and 
1735 cm⁻¹) and hemicellulose (1053 cm⁻¹) interlinkage were altered in 
the pretreated samples, being accountable for effective wall polymer 
extraction (Ong et al., 2020; Sun et al., 2015; Zhou et al., 2017). The 
cellulose-associated peak at 1108 cm⁻¹ was also altered in both 
P. ostreatus+CaO and L. edodes+CaO samples, which should be owing to 
more cellulose digestion for improved accessibility (Ong et al., 2020; 
Wittner et al., 2023; Zhang et al., 2023b).

3.7. Mechanisms of integrative depolymerization for maximum hexose, 
bioethanol and lactic acid production

Based on all findings achieved, this study proposed a mechanism 
model to explain how the fungal and CaO pretreatments were effectively 
integrated as the typically synergistic lignocellulose depolymerization 
and modification selective for maximizing hexoses, bioethanol and 
lactic acid production (Fig. 6). (1) Two fungal incubations with desirable 
Miscanthus straw could distinctively induce the secretions of four types 
of lignocellulose-degradation enzymes and cofactors, which enabled an 
efficient lignocellulose degradation and extraction. (2) The L. edodes 
incubation specifically secreted the manganese peroxidase at extremely 
high activity along with a radical-mediated oxidation pathway for an 
effective co-extraction of wall polymers via a dominated lignin-network 
deconstruction, whereas the P. ostreatus incubation produced relatively 
high-activity laccase coupled with a direct lignocellulose destruction for 
more cellulose digestion. (3) While the optimal CaO pretreatments were 
further conducted with fungal-incubated residues, the L. edodes+CaO 
pretreatment was effective for more wall polymer extraction than the 
P. ostreatus+CaO did, mainly due to distinct lignocellulose-degradation 
enzymes secretion and different metabolism pathways involvement. (4) 
Given the optimal CaO pretreatment with raw straw could largely 
extract lignin and hemicellulose, it caused much less cellulose digestion 
than the integrated fungi+CaO pretreatments did, which should be 

Fig. 5. Characterization of lignocellulose residues after optimal CaO pretreatments with the desired Miscanthus (Msa6) straw pre-incubated with two 
fungi (P. ostreatus, L. edodes) strains for 21 days. (A-D) SEM images of raw straw (A), 20% CaO pretreated residue (B), P. ostreatus+CaO pretreated residue (C), 
and L. edodes+CaO pretreated residue (D). (E, F) BET assay of pore volume specific surface area; (G) XRD profiling.

J. Li et al.                                                                                                                                                                                                                                         Industrial Crops & Products 246 (2026) 123224 

8 



accountable for reduced lignocellulose porosity such as specific surface 
area and pore volume (Zhang et al., 2025). (5) As lignocellulose porosity 
is the key parameter accounting for biomass enzymatic saccharification 
(Zhang et al., 2023a), this model thus explained why the L. edodes+CaO 
pretreatments could achieve the highest hexose yield, due to much 
raised specific surface area and pore volume. (6) Even though 
P. ostreatus+CaO pretreatments had lower hexose yield than the 
L. edodes+CaO did, it achieved significantly higher bioethanol and lactic 
acid conversions, which suggested relatively less inhibitory compounds 

released from P. ostreatus incubation. On the other hand, it remains to 
explore how quantitative measurements of cellulolytic and hemi
cellulolytic enzyme activities could further validate the proposed hy
drolytic mechanism in P. ostreatus in future studies, and why the 
L. edodes incubation could cause more toxic compounds that inhibit both 
yeast and bacterial fermentations in the future (Petraglia et al., 2025; 
Yin et al., 2025). Because the hexose is the universal substrate 
convertible for biofuels, biochemicals and bioproducts, therefore, this 
model has provided the optional fungal incubations selective for 

Fig. 6. A mechanism model of two fungal incubations with desirable Miscanthus (Msa6) straw for secretions of lignocellulose-degradation enzymes with 
distinctive enzyme activities and different metabolisms for integrative lignocellulose depolymerization and modification with the optimal CaO pre
treatment towards synergistic enhancement of biomass saccharification and distinct bioethanol and lactic acid conversions. -% in red as reduced rate 
during sequential de-lignocellulose processes, and + % as increased rate relative to the control without fungal incubation; NS as non-significant different data from 
the control.
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maximizing hexose, bioethanol and lactic acid products.

4. Conclusions

By employing the desirable Miscanthus (Msa6) straw with reduced 
lignocellulose recalcitrance, this study demonstrates that two fungal 
(P. ostreatus, L edodes) incubations distinctively extract wall polymers by 
effective secretions of four major types of lignocellulose-degradation 
enzymes and cofactors along with different metabolic pathways. The 
integrative L. edodes and CaO pretreatments could further modify 
lignocellulose morphogenesis accountable for much raised biomass 
porosity such as specific surface area and pore volume, leading to a 
typically synergistic enhancement of biomass saccharification for the 
mostly increased hexose yield by 33%. By comparison, the integrated 
P. ostreatus and CaO pretreatments enable much higher bioethanol and 
lactic acid conversions, probably due to less toxic compounds release 
that inhibit yeast and bacterial fermentations. Therefore, a mechanism 
model has been proposed to highlight how two green-like pretreatments 
are effectively integrated for synergistic lignocellulose depolymerization 
and modification, providing a novel strategy selective to achieve max
imus hexoses, bioethanol and lactic acid production.
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