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Abstract 

Background  White rot fungi produce various reactive oxygen species and ligninolytic enzymes for lignocellulose 
deconstruction. However, their interactions during the deconstruction of lignocellulosic structural barriers for efficient 
enzymatic saccharification remain unclear.

Results  Herein, the extracellular enzyme activities and secretomic analysis revealed the sequential expression 
of hydroxyl radical (⋅OH) and manganese peroxidases (MnPs) for lignocellulose deconstruction by the white rot fun-
gus Irpex lacteus. Subsequently, in vitro functional studies found that ⋅OH possessed the ability to disrupt the smooth 
surface structure of corn stover, resulting in increased enzymatic saccharification and cellulose accessibility. Purified 
recombinant MnPs from I. lacteus were able to cleave the β-O-4 bond in phenolic and non-phenolic lignin model 
dimers without the help of any mediators. Furthermore, the sequential pretreatment of corn stover with ⋅OH and MnP 
exhibited significant synergistic effects, increasing enzymatic saccharification and cellulose accessibility by 2.9-fold 
and 1.8-fold, respectively.

Conclusions  These results proved for the first time the synergistic effects of ⋅OH and MnP pretreatment in improving 
the enzymatic saccharification and cellulose accessibility of corn stover. These findings also demonstrated the poten-
tial application of ⋅OH and MnP pretreatment for the efficient enzymatic saccharification of corn stover.
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Graphical Abstract

Background
Lignocellulosic biomass, as a renewable resource that is 
widely available and abundant, offers a promising alter-
native feedstock for the manufacturing of bio-based 
products, without affecting the food supply [1, 2]. How-
ever, the recalcitrant structure of lignocellulosic biomass, 
in particular the lignin barrier structure, poses a huge 
challenge for efficient enzymatic saccharification to con-
vert the polysaccharide composition into simple sugars 
that can be directly utilized for bio-based biorefineries 
[3, 4]. Nonetheless, certain fungal species in nature, such 
as white rot fungi, have evolved the remarkable ability to 
selectively degrade the lignin component, leaving behind 
the polysaccharide composition [5–7], showing great 
potential in breaking down the recalcitrant structure of 
lignocellulosic biomass. Thus, an in-depth understanding 
of the unique degradation machinery of white rot fungi 
would be beneficial for achieving the efficient enzymatic 
saccharification of lignocellulosic biomass.

As reported, white rot fungi produce various types of 
reactive oxygen species and ligninolytic enzymes to break 
down structural barriers in lignocellulosic biomass [8, 9]. 
Given the limited surface area of lignocellulosic biomass 
available for ligninolytic enzymes interaction, it has been 
postulated that reactive oxygen species play an impor-
tant role in the initial stage of structural barriers degra-
dation [8, 10]. For example, hydroxyl radical (⋅OH), the 
most common reactive oxygen species in white rot fungi, 
indiscriminately attacks all structural components of lig-
nocellulosic biomass, resulting in cleavages that allow the 
penetration of ligninolytic enzymes [11]. However, it is 
worth noting that ⋅OH could also cause conformational 
changes and structural decomposition of lignocellulolytic 
enzymes, leading to inhibition of their enzymatic activ-
ity or enzyme inactivation [12, 13]. As a consequence, 
identifying and elucidating the relationship between the 

generation of reactive oxygen species and the production 
and activity of ligninolytic enzymes in white rot fungi 
could provide valuable insights for advancing the field of 
lignocellulosic biomass pretreatment.

During the biological pretreatment of lignocellu-
losic biomass by white rot fungi, sequential expres-
sion patterns of reactive oxygen species and ligninolytic 
enzymes have been found in previous studies [14–16]. 
At the early stages of lignocellulosic biomass degrada-
tion, Fe3+-reducing capability, related to the generation 
of ⋅OH, occurs prior to the production of ligninolytic 
enzymes, and rapidly reaches a maximum and then 
decreases. Subsequently, ligninolytic enzymes, in par-
ticular the class II manganese peroxidase (MnP), appear 
and quickly rise to peak levels. Although these phe-
nomena have been observed, the underlying synergistic 
mechanism between reactive oxygen species and ligni-
nolytic enzymes in breaking down structural barriers to 
facilitate the efficient enzymatic saccharification of ligno-
cellulosic biomass needs to be further investigated.

Irpex lacteus is one of the most potent lignocellulose 
biomass biological pretreated white rot fungi, capable 
of selectively degrading the lignin component in agri-
cultural biomass, such as corn stover and wheat straw 
[17–19]. Based on the genome analysis of reported I. 
lacteus strains in the JGI database, it was found that 
they are equipped with a comprehensive set of ligni-
nolytic enzymes, mainly including MnP, versatile per-
oxidases, lignin peroxidases, and dye-decolorizing 
peroxidases [20]. In addition, the sequential generation 
of reactive oxygen species and ligninolytic enzymes 
in I. lacteus during the degradation of corn stover 
was found in our previous study [14]. However, the 
mechanism underlying the interaction between reac-
tive oxygen species and ligninolytic enzymes in the 
breakdown of structural barriers for efficient enzy-
matic saccharification of corn stover remains unclear. 
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In this study, extracellular enzyme activities and tem-
poral secretomic analysis of I. lacteus 7B growth on 
corn stover were performed to reveal the composition 
of reactive oxygen species and ligninolytic enzymes 
in I. lacteus during lignocellulosic biomass degrada-
tion. Subsequently, the effect of reactive oxygen spe-
cies (⋅OH) on the breakdown of structural barriers in 
corn stover and the function of the core ligninolytic 
enzymes MnPs in the depolymerization of lignin model 
dimers guaiacylglycerol-β-guaiacyl ether (GBG) and 
veratrylglycerol-β-guaiacyl ether (VBG) were investi-
gated in  vitro. Based on this, the sequential pretreat-
ment with ⋅OH and MnP for the efficient enzymatic 
saccharification of corn stover was further evaluated.

Materials and methods
Strains and culture conditions
The mononucleate strain I. lacteus 7B, which was isolated 
from I. lacteus CGMCC 5.809 purchased from the China 
General Microbiological Culture Collection Center, was 
cultured in potato dextrose broth medium for seven 
days. Subsequently, it was inoculated into modified 
Kirk’s medium supplemented with 1% (w/v) corn stover 
as the sole carbon source for lignocellulosic biomass 
degradation at 30 °C and 150 rpm. Escherichia coli BL21 
(DE3) and the corresponding expression vector pET28a 
were obtained from TransGen Biotech and Invitrogen, 
respectively.

Determination of reactive oxygen species generating 
capacity and ligninolytic enzyme activities
Iron-reducing capability was assessed by measuring the 
formation of the Fe2+-ferrozine complex in pH 5.0 acetate 
buffer containing 4 mM ferrozine and 0.3 mM FeCl3 [21]. 
One unit of iron-reducing activity was defined as the 
increase in absorbance at 562 nm per minute. The abil-
ity of generating H2O2 was determined by monitoring 
the generation of resorufin according to the Amplex Red 
Hydrogen Peroxide/Peroxidase Assay Kit purchased from 
ThermoFisher [22]. One unit of H2O2-generating activity 
was defined as the amount of enzyme generating 1 μmol 
H2O2 per minute. Total ligninolytic peroxidase activity 
was measured by observing the oxidation of 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) 
at 420  nm in pH 4.0 malonate buffer containing 1  mM 
ABTS, 1 mM MnSO4, and 0.1  mM H2O2. MnP activity 
was measured by monitoring the oxidation of MnSO4 
at 270  nm in pH 4.0 malonate buffer containing 1  mM 
MnSO4 and 0.1 mM H2O2. One unit of total ligninolytic 
peroxidase and MnP activity was defined as the amount 

of enzyme oxidizing 1  μmol of the corresponding sub-
strate per minute.

Temporal secretomic analysis of I. lacteus 7B growth 
on corn stover
The supernatant of I. lacteus 7B growth in modified 
Kirk’s medium supplemented with 1% (w/v) corn stover 
on days 1, 2, and 3 was collected and sent to Allwegene 
Technology for temporal secretomic analysis. Established 
protocols were followed for total protein extraction, pro-
tein quality testing, trypsin treatment, and nano-HPLC–
MS/MS analysis of protein samples [23]. Subsequently, 
the MaxQuant software was used to process and quantify 
the MS/MS data in accordance with the I. lacteus 7B pro-
tein database [24]. The following analytical parameters 
were configured: trypsin was used as the enzyme, with a 
maximum of two missed cleavage sites allowed; an MS/
MS tolerance of 20 ppm was set; and variable and fixed 
modifications were oxidation (M) and carbamidomethyl 
(C), respectively.

Effect of reactive oxygen species (⋅OH) on the breakdown 
of structural barriers in corn stover
The ⋅OH pretreatment of corn stover was conducted 
in vitro using a biomimetic system with various concen-
trations of FeSO4 (0–40  mM) and H2O2 (0–2  M). The 
reaction was carried out with 10% (w/v) corn stover at 
25 °C and 200 rpm for 24 h. After the reaction, the pre-
treated corn stover was centrifuged, washed, dried, and 
subjected to enzymatic saccharification. Enzymatic sac-
charification was performed in pH 5.0 acetate buffer 
using commercial cellulase (SAE0020, purchased from 
Sigma-Aldrich) at 40 FPU/g substrate and 0.5% (w/v) 
pretreated corn stover at 30 °C with agitation at 1000 rpm 
for 24 h. The generated reducing sugars were quantified 
using the 3,5-dinitrosalicylic acid assay [25]. Meanwhile, 
scanning electron microscopy (SEM) SU8010 (Hitachi, 
Japan) was used to analyze the surface morphological 
characteristics of corn stover after pretreatment with 
⋅OH. Prior to microscopic analysis, the pretreated corn 
stover was adhered to a copper plate using a black adhe-
sive tape and then coated with gold.

Effect of the core ligninolytic enzymes MnPs 
in the depolymerization of lignin model dimers
The cDNA fragments of the core ligninolytic enzymes 
MnPs were cloned and assembled into the expression 
vector pET28a to obtain recombinant plasmids pET28a-
IlMnP1, pET28a-IlMnP2, and pET28a-IlMnP4, which 
were then transformed into the expression host E. coli 
BL21 (DE3) individually. The specific primers used are 
listed in Additional file  1. The induction of expression, 
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refolding, and purification of the recombinant MnPs 
were carried out according to the protocols described 
previously [21]. The purified recombinant MnPs were 
firstly analyzed by UV–vis spectroscopy in the range of 
230–900 nm to verify the correct incorporation of heme 
groups. Subsequently, the substrate specificities of MnPs 
were investigated for the oxidation of six different sub-
strates, including ABTS, 2,6-dimethylphenol (DMP), 
guaiacol (GUA), Mn2+, reactive black 5 (RB5), reactive 
black 19 (RB19).

The ability of MnPs to depolymerize the lignin bar-
rier structure was evaluated by degrading the phenolic 
and non-phenolic lignin model dimers, GBG and VBG. 
The degradation of GBG/VBG was initiated in pH 4.0 
malonate buffer containing 1  mM GBG/VBG, 1  mM 
MnSO4, 0.1 mM H2O2, and 1 U/mL MnP (ABTS as sub-
strate). The reaction was supplemented with 0.1  mM 
H2O2 every 12 h and 1 U/mL MnP every 24 h and con-
tinued at 30  °C for 72  h. Samples were collected at 12, 
24, 48, 60, and 72 h, and analyzed for degradation ratio 
using HPLC with a Hypersil GOLD™ C18 column at 280 
nm and a flow rate of 0.6 mL/min. The elution condition 
was gradient elution of mobile phase A (methanol) and 
mobile phase B (0.1% acetic acid) for 10% A, 27 min; 40% 
A, 33 min; 44% A, 10 min; and 10% A, 10 min. To con-
firm the oxidation product of GBG/VBG, UPLC–MS/MS 
analysis was carried out using a Nexera UHPLC system 
coupled to an AB-SCIEX 5600 Triple TOF mass spec-
trometer. The ion source gases GS1, GS2, and curtain gas 
were adjusted to 60, 60, and 40 psi, respectively. In addi-
tion, the temperature and ion spray voltage floating were 
set at 600 °C and 5500 V, respectively.

Effect of sequential pretreatment with ⋅OH and MnP 
on the enzymatic saccharification of corn stover
First, the pretreatment of corn stover with ⋅OH was car-
ried out using 10% (w/v) corn stover, 20 mM FeSO4, and 
1 M H2O2. The reaction was performed at 200 rpm and 
25  °C for 24 h. Subsequently, the pretreated corn stover 
was centrifuged, washed, and dried. Then, the pretreat-
ment of ⋅OH pretreated corn stover with MnP was con-
ducted in pH 4.0 malonate buffer containing 10% (w/v) 
⋅OH pretreated corn stover, 1  mM MnSO4, 0.1  mM 
H2O2, and 1 U/mL IlMnP1. The reaction was continued 
at 30 °C for 72 h, and 0.1 mM H2O2 and 1 U/mL IlMnP1 
were supplemented every 12  h and 24  h, respectively. 
After that, the resulting pretreated corn stover was cen-
trifuged, washed, and dried for enzymatic saccharifica-
tion. Enzymatic saccharification was performed in pH 
5.0 acetate buffer using commercial cellulase at 40 FPU/g 
substrate and 0.5% (w/v) pretreated corn stover at 30 °C 
with agitation at 1000 rpm for 24 h. Control groups were 
set up by pretreating corn stover individually with ⋅OH 

or MnP. Synergistic effects were assessed as the ratio of 
the improvement in reducing sugars production in the 
sequential pretreatment group divided by the sum of the 
improvements in reducing sugars production in the indi-
vidual pretreatment groups.

Meanwhile, the variations in cellulose accessibility of 
corn stover after the sequential pretreatment with ⋅OH 
and MnP were assessed semi-quantitatively using the 
dyes Direct Orange 15 (DO15) and Direct Blue 1 (DB1) 
[26, 27]. Specifically, 100  mg of corn stover were com-
bined with 1 mL phosphate buffer containing 1.4 M NaCl 
and varying volumes of the DO15/DB1 mixture, resulting 
in final dye concentrations ranged from 0.025 to 0.8 mg/
mL. Next, the samples were diluted ten times and incu-
bated at 70  °C for 6 h. After incubation, the absorbance 
of DO15 and DB1 in the supernatant was measured at 
455  nm and 624  nm, respectively. The dye content was 
determined using established absorbance-concentration 
standard curves. Based on this, the adsorption capacities 
of DO15 and DB1 were calculated using the Langmuir 
isotherm adsorption model based on the total amount of 
dye added [27].

Results and discussion
Extracellular enzyme activities and temporal secretomic 
analysis revealed reactive oxygen species and ligninolytic 
enzymes involved in lignocellulose deconstruction by I. 
lacteus 7B
In order to confirm whether reactive oxygen species and 
ligninolytic enzymes were involved in the breakdown 
of structural barriers in corn stover by I. lacteus 7B, the 
corresponding extracellular activities in the supernatant 
were preferentially determined. With regard to reactive 
oxygen species, a high iron-reducing activity was found 
in the supernatant on day 1 and decreased with time 
(Fig. 1A). In addition, H2O2-generating activity was also 
observed throughout the whole degradation process 
(Fig.  1B), suggesting that ⋅OH generated by the Fenton 
reaction (Fe2+/H2O2) might participate in the degrada-
tion of corn stover. As for the ligninolytic enzymes, the 
total ligninolytic peroxidase and MnP activities of the 
supernatant reached the similar peak value on day 2 
(Fig. 1C and D), corresponding to 46.95 and 40.89 U/L, 
respectively. Furthermore, no lignin peroxidase activity 
was detected using veratryl alcohol as a substrate, reveal-
ing that MnPs could be the core ligninolytic enzymes 
responsible for the breakdown of the lignin barrier struc-
ture. Taken together, these extracellular activity results 
indicated that ⋅OH-derived reactive oxygen species and 
the MnP-centered ligninolytic enzyme might be involved 
in the deconstruction of lignocellulosic structural barri-
ers by I. lacteus 7B.
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Considering the diversity of ligninolytic enzymes in 
white rot fungi, temporal secretomic analysis of the 
supernatants of I. lacteus 7B cultured on corn stover 
for 1, 2, and 3  days was performed to further investi-
gate the composition of the ligninolytic enzymes in 
I. lacteus. As shown in Fig.  2A, the expression profile 
of ligninolytic enzymes consisted of multiple ligni-
nolytic peroxidases, including six MnPs (IlMnP1, 
IlMnP2, IlMnP3, IlMnP4, IlMnP5, and IlMnP6), three 
dye-decolorizing peroxidases, and one lignin peroxi-
dase. Remarkably, the expression level of MnPs except 
IlMnP6 on day 2 was 10–1000 times higher than that of 
other ligninolytic peroxidases. This was consistent with 
the extracellular enzyme activities of the total lignino-
lytic peroxidase and MnP. No lignin peroxidase was 
detected in the supernatant, which might be due to low 
expression levels. In addition, various H2O2-generating 
auxiliary enzymes were also found in the supernatants 
throughout the whole degradation process, including 

alcohol oxidase, pyranose oxidase, cellobiose dehydro-
genase, glyoxal oxidase, gluco-oligosaccharide oxidase, 
and lytic polysaccharide monooxygenase (Fig.  2B), 
which could generate H2O2 using aromatic compounds 
from lignin degradation or oligosaccharides from poly-
saccharide depolymerization as substrates [28].

Based on the above extracellular enzyme activities and 
secretomic analysis, it could be concluded that I. lacteus, 
like other reported white rot fungi, produced extracellu-
lar reactive oxygen species, but also secreted ligninolytic 
enzymes involved in the degradation of lignocellulosic 
structural barriers [8, 9]. However, the individual and 
combined effects of ⋅OH and MnP pretreatment on 
the enzymatic saccharification of corn stover remained 
unclear. In recent years, in vitro mimicking ⋅OH pretreat-
ment of lignocellulosic biomass, including corn stover, 
wheat straw, and rice straw, had been gradually carried 
out to evaluate its effect on enzymatic saccharification 
efficiency [29, 30]. According to the results of enzymatic 

Fig. 1  Time course analysis of extracellular reactive oxygen species generating capacity and ligninolytic enzyme activities of I. lacteus 7B growth 
on corn stover. Iron-reducing activity (A), H2O2-generating activity (B), total ligninolytic peroxidase activity (C), and MnP activity (D)
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saccharification and structural composition determi-
nation, it was found that ⋅OH pretreatment resulted in 
improved glucose production due to increased cellulose 
accessibility rather than lignin degradation [29]. Mean-
while, the function of ligninolytic enzymes, particularly 
laccases, in removing the lignin component of lignocel-
lulosic biomass in vitro had also been demonstrated, but 
the effect on the enzymatic saccharification of lignocel-
lulosic biomass after pretreatment remained ambigu-
ous due to the inhibition of ligninolytic enzymes or their 
degradation products on cellulase activity and cellulose 
hydrolysis [31, 32]. Although these phenomena had been 
observed, the combined effect of ⋅OH and MnP pretreat-
ment on the enzymatic saccharification of lignocellulosic 
biomass remained to be further investigated.

Effect of ⋅OH generated by the Fenton reaction 
on the breakdown of structural barriers in corn stover
To evaluate the impact of ⋅OH pretreatment on the 
breakdown of structural barriers in corn stover, an 
in vitro ⋅OH generation system based on the Fenton reac-
tion was initially established and subsequently employed 
to pretreat corn stover. In regard to the ⋅OH generation 
system, the different concentrations of Fenton reagents 
(Fe2+ and H2O2) utilized in the pretreatment of corn 
stover was assessed, as the generation of ⋅OH was closely 
correlated to the concentration of Fenton reagents [33, 
34]. As shown in Fig. 3, the increase in FeSO4 concentra-
tion resulted in a noticeable enhancement in the release 
of reducing sugars during the enzymatic saccharification 
of the pretreated corn stover. The maximum produc-
tion of reducing sugars was achieved at a concentration 
of 20 mM FeSO4 (Fig. 3A). Likewise, a rise in H2O2 con-
centration also led to a proportional increase in reduc-
ing sugars production, with the maximum production 
observed at a concentration of 1 M H2O2 (Fig. 3B). Thus, 
20 mM FeSO4 and 1 M H2O2 were used to generate ⋅OH 
in vitro through the Fenton reaction. After 24 h ⋅OH pre-
treatment, the reducing sugars production reached 0.32 
mg/mL after enzymatic saccharification of pretreated 
corn stover using commercial cellulase, while the control 
without pretreatment was 0.16 mg/mL (Fig. 3C).

Meanwhile, the changes in the surface structure of 
corn stover after ⋅OH pretreatment were observed by 
SEM analysis (Fig. 4). While pretreatment with 20 mM 
FeSO4 or 1 M H2O2 alone did not significantly alter the 

Fig. 2  Protein abundance of ligninolytic enzymes (A) 
and H2O2-generating auxiliary enzymes (B) in the secretome of I. 
lacteus 7B growth on corn stover for 1, 2, and 3 days. Heatmaps were 
constructed based on the log10-transformed protein LFQ-based 
intensity values

◂
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surface structure of corn stover compared to the control 
group without chemical pretreatment, the application 
of 20 mM FeSO4 and 1 M H2O2 resulted in pronounced 
morphological changes. As the pretreatment time was 
increased, the outer layers of the corn stover were pro-
gressively stripped away, revealing an increasing num-
ber of small openings which subsequently expanded 
to expose the underlying cellulose. This erosion might 
increase the contact surface between the cellulolytic 
enzymes and the internal cellulose, potentially enhanc-
ing the efficiency of enzymatic saccharification in corn 
stover [35].

Combining enzymatic saccharification and SEM 
analysis of ⋅OH pretreated corn stover, it was found 

that ⋅OH pretreatment could significantly enhance the 
enzymatic hydrolysis of corn stover through breaking 
down lignocellulosic structural barriers, confirming 
the biological function of ⋅OH for the efficient enzy-
matic saccharification of lignocellulosic biomass. Most 
notably, after ⋅OH pretreatment, the smooth surface 
structure of the corn stover was severely damaged and 
produced a large number of small openings. As a result, 
the cellulose accessibility of ⋅OH pretreated corn stover 
to cellulolytic enzymes increased significantly (Fig. 7B), 
resulting in an increase in reducing sugars production 
during enzymatic saccharification. This phenomenon 
was consistent with previous reports [29, 30]. Although 
this structural change allowed increased infiltration 

Fig. 3  Effects of ⋅OH generated by the Fenton reaction pretreatment on the enzymatic saccharification of corn stover. Effect of Fe.2+ concentration 
in the presence of 1 M H2O2 (A), H2O2 concentration in the presence of 20 mM FeSO4 (B), and pretreatment time on reducing sugars production 
in the presence of 20 mM FeSO4 and 1 M H2O2 (C)

Fig. 4  Scanning electron microscopic analysis of corn stover after ⋅OH pretreatment. Control (A), Fe2+ pretreatment alone for 24 h (B), H2O2 
pretreatment alone for 24 h (C), and Fe.2+ plus H2O2 pretreatment for 6, 12, and 24 h (D–F)
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of cellulolytic enzymes for efficient enzymatic sac-
charification of corn stover, it remained to be explored 
whether this would favor the subsequent action of the 
ligninolytic enzyme MnP in the pretreatment of corn 
stover.

Effect of the core ligninolytic enzyme MnP on lignin 
depolymerization
To elucidate the function of the core ligninolytic enzyme 
MnP in the depolymerization of the lignin barrier struc-
ture in lignocellulosic biomass, three highly expressed 
MnPs (IlMnP1, IlMnP2, and IlMnP4) were selected for 
heterologous recombinant expression in E. coli and then 
purified to evaluate their function. As shown in Addi-
tional file 2, three MnPs were successfully expressed and 
refolded into the active form, based on the identification 
of the characteristic absorption spectra of heme groups 
through UV–vis spectroscopy analysis. These purified 
recombinant MnPs demonstrated a broad substrate spec-
ificity, encompassing the model ligninolytic enzyme sub-
strate ABTS, the typical manganese peroxidase substrate 
Mn2+, aromatic compounds such as DMP and GUA, and 
the dyes RB5 and RB19 (Additional file  3). In addition, 
three MnPs exhibited an optimum pH of 4.0 for these 
four types of substrates.

Subsequently, the β-O-4 phenolic and non-phenolic 
lignin model dimers GBG and VBG were used as sub-
strates to evaluate the lignin depolymerization ability 
of the MnPs. As shown in Fig.  5, these purified recom-
binant IlMnP1, IlMnP2, and IlMnP4 showed a remark-
able capacity for degrading GBG and VBG. Besides, the 
addition of MnP and H2O2 in a continuous manner led 
to the attainment of the highest degradation ratios of 
both GBG and VBG. Specifically, the degradation ratio 
for GBG reached 61.79%, 60.14%, and 61.04% at 72 h for 
IlMnP1, IlMnP2, and IlMnP4, respectively. In compari-
son to the β-O-4 phenolic lignin model dimer GBG, the 
degradation ratio of the non-phenolic lignin model dimer 
VBG by MnPs exhibited a certain decrease. The degra-
dation ratios for VBG were found to be 51.42%, 42.64%, 
and 42.71% at 72  h for IlMnP1, IlMnP2, and IlMnP4, 
respectively.

In the meantime, to further confirm the occurrence 
of lignin inter-unit bond cleavage, UPLC–MS/MS 
analysis was conducted to identify the degradation 
products of GBG and VBG by MnPs (Additional file 4). 
For the oxidation products of GBG, the main reac-
tion products identified were compound I (C17H18O6) 
and compound II (C10H12O4). On the other hand, the 
oxidized compound III (C18H20O6) and compound IV 
(C11H14O4) were observed in the oxidation products 

Fig. 5  Time course analysis of the degradation ratios of dimeric lignin model compounds, the β-O-4 phenolic and non-phenolic lignin model 
dimers GBG and VBG, by purified recombinant MnPs. GBG degradation by IlMnP1, IlMnP2, and IlMnP4 (A–C), and VBG degradation by IlMnP1, 
IlMnP2, and IlMnP4 (D–F)
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VBG. Based on the structure identified from the MS/
MS spectrum, it was found that the β-O-4 phenolic and 
non-phenolic lignin model dimers, GBG and VBG, pre-
dominantly underwent oxidation of the hydroxyl group 
at Cα. This process led to the formation of compounds 
I and III. Subsequently, the β-O-4 bond in compounds 
I and III was further cleaved, generating compounds II 
and IV, respectively (Fig.  6). These findings confirmed 
that MnP is involved in the cleavage of the β-O-4 bond 
within the lignin barrier structure, which is the most 
abundant inter-unit bond in the lignin barrier struc-
ture, making up 45–60% of the total lignin bonds in 
corn stover [36, 37].

To date, there had been quite a few reports about the 
oxidation and depolymerization of lignin model com-
pounds and lignin extracted from lignocellulosic bio-
mass by various ligninolytic enzymes in vitro, including 
laccase, lignin peroxidases, and dye-decolorizing per-
oxidases [9, 32, 38, 39]. Broadly speaking, their catalytic 
mechanisms underlying lignin depolymerization were 
relatively clear. For example, laccase was reported to 
oxidize Cα, cleave the β-O-4 bond and the Cα–Cβ bond 
in the presence of natural or synthetic mediators to 
achieve lignin depolymerization [40]. Lignin peroxidase 
and dye-decolorizing peroxidase broke down the Cα–Cβ 
bond between lignin structural units without the help 
of mediators [5, 41]. In comparison to these ligninolytic 
enzymes, the oxidation cleavage mechanism of lignin by 
MnPs remained ambiguous, although MnPs had been 
proved to remove the lignin component of lignocel-
lulosic biomass in vitro in the presence of the mediator 
unsaturated fatty acid-linoleic acid [42]. In our study, it 
was demonstrated that MnPs from the white rot fungus 
I. lacteus could cleave the β-O-4 bond in phenolic and 

non-phenolic lignin model dimers without the addition 
of any mediator, exhibiting great application potential in 
the pretreatment of lignocellulosic biomass. Nonetheless, 
their combined effect with ⋅OH in the pretreatment of 
corn stover to further improve enzymatic saccharifica-
tion remained to be investigated.

Sequential pretreatment with ⋅OH and MnP 
for the efficient enzymatic saccharification of corn stover
To further verify the combined effect of ⋅OH and MnP 
pretreatment on the enzymatic saccharification of lig-
nocellulosic biomass, a sequential pretreatment of corn 
stover was performed. As shown in Fig.  7A, the enzy-
matic saccharification of alone ⋅OH, alone MnP, and 
combined ⋅OH and MnP pretreated corn stover using 
commercial cellulase resulted in reducing sugars pro-
duction of 0.32 ± 0.02  mg/mL, 0.34 ± 0.04  mg/mL, and 
0.63 ± 0.04  mg/mL, respectively, while the control with-
out pretreatment yielded 0.16 ± 0.01  mg/mL. According 
to the calculation, the production of reducing sugars in 
the ⋅OH, MnP, and combined ⋅OH and MnP pretreated 
groups was increased by 98%, 111%, and 290%, respec-
tively, compared to the control group. In addition, the 
degree of synergy between ⋅OH and MnP pretreatment 
on the enzymatic saccharification of corn stover was 1.39, 
confirming that there were synergistic effects between 
⋅OH and MnP pretreatment on the enzymatic saccharifi-
cation of corn stover.

Meanwhile, in order to elucidate the mechanism 
underlying the synergistic action between ⋅OH and 
MnP on the enzymatic saccharification of corn stover, 
the changes in cellulose accessibility of corn stover 
among different pretreatment groups were evaluated. 
As shown in Fig.  7B, the dye adsorption ratio (DO15/

Fig. 6  Graphic representation of the degradation process of the β-O-4 phenolic and non-phenolic lignin model dimers GBG and VBG by MnPs
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DB1), which served as an indicator of cellulose acces-
sibility in ⋅OH, MnP, and combined ⋅OH and MnP pre-
treated corn stover [27], was 1.33 ± 0.03, 1.03 ± 0.02, and 
2.19 ± 0.14, respectively, compared to 0.78 ± 0.02 in the 
control group. After calculation, the improvement in 
cellulose accessibility was 71%, 32%, and 182%, respec-
tively. Furthermore, changes in the surface structure of 
different pretreated corn stover were consistent with 
the changes in cellulose accessibility (Additional file 5). 
These results indicated that the combined action of 
⋅OH and MnP pretreatment led to a greater improve-
ment in cellulose accessibility, making corn stover more 
susceptible to enzymatic saccharification by cellulolytic 
enzymes.

Taken together, our findings demonstrated for the 
first time the sequential pretreatment with ⋅OH and 
MnP could significantly enhance the enzymatic sac-
charification of corn stover. According to the varia-
tions in the enzymatic saccharification and surface 
structure of corn stover, it could be inferred that the 
preferential action of ⋅OH, a low molecular weight oxi-
dant, could trigger the degradation of lignocellulosic 
biomass in cases where the ligninolytic enzymes were 
unable to penetrate the lignocellulosic structural bar-
riers. Once the lignocellulosic surface structure was 
damaged, MnP took full advantage of this situation to 
come into contact with more lignin and break it down 
into smaller units, resulting in a significant increase in 
cellulose accessibility to cellulolytic enzymes. Apart 
from the fact that pretreatment with ⋅OH makes lignin 
more accessible to ligninolytic enzymes, there were still 
some problems to be solved. For example, the lignin-
related degradation products generated by the pre-
treatment with ⋅OH could active transcription factors 

that modulated the expression of ligninolytic enzymes 
in  vivo. Therefore, further studies on the interac-
tions between reactive oxygen species and ligninolytic 
enzymes during the deconstruction of lignocellulosic 
structural barriers by white rot fungi were needed.

Conclusion
In summary, extracellular enzyme activities and temporal 
secretomic analysis revealed that the ⋅OH-derived reac-
tive oxygen species and the MnP-centered ligninolytic 
enzyme system were involved in the lignocellulose decon-
struction by the white rot fungus I. lacteus. Subsequently, 
their function in the breakdown of lignocellulosic struc-
tural barriers was demonstrated in  vitro. On the one 
hand, ⋅OH pretreatment could significantly enhance 
enzymatic saccharification by disrupting the smooth sur-
face structure of corn stover. On the other hand, purified 
recombinant MnPs from I. lacteus were able to cleave the 
β-O-4 bond in phenolic and non-phenolic lignin model 
dimers without the addition of any mediator. On this 
basis, the sequential pretreatment of corn stover with 
⋅OH and MnP was carried out and showed significant 
synergistic effects in improving enzymatic saccharifica-
tion and cellulose accessibility. Generally speaking, these 
findings demonstrated for the first time the great applica-
tion potential of combined ⋅OH and MnP pretreatment 
for the efficient enzymatic saccharification of corn stover.
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