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Abstract 

Background  Microbial-driven lignin depolymerization has emerged as a promising approach for lignin degrada-
tion. However, this process is hindered by the limited activity of lignin-degrading enzymes. Antioxidants are crucial 
for maintaining redox homeostasis in living cells, which can impact the efficiency of enzymes. Ascorbic acid (AA) 
is well-known for its antioxidant properties, while Trametes versicolor is a commonly used lignin-degrading fungus 
capable of secreting laccase (Lac) and manganese peroxidase (MnP). Thus, AA was selected as model antioxidant 
and added into the culture medium of T. versicolor to examine the effect of antioxidants on the activity of lignin-
degrading enzymes in the fungus.

Results  The presence of AA resulted in a 4.9-fold increase in the Lac activity and a 3.9-fold increase in the MnP activ-
ity, reaching 10736 U/L and 8659 U/L, respectively. This increase in enzyme activity contributed to a higher lignin 
degradation rate from 17.5% to 35.2%, consistent with observed morphological changes in the lignin structure. 
Furthermore, the addition of AA led to a reduction in the molecular weights of lignin and an increase in the content 
of degradation products with lower molecular weight, indicating more thorough degradation of lignin. Proteomics 
analysis suggested that the enhancement in enzyme activity was more likely to attributed to the reinforcement of AA 
on oxidative protein folding and transportation, rather than changes in enzyme expression.

Conclusions  The addition of AA enhanced the performance of enzymes responsible for lignin degradation in terms 
of enzyme activity, degradation rate, lignin structural change, and product mapping. This study offers a feasible strat-
egy for enhancing the activity of lignin-degrading enzymes in the fungus and provides insights into the role of anti-
oxidant in microbial lignin degradation.
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Introduction
Lignin is a significant constituent of lignocellulose, con-
stituting 15–30% of its total mass [1]. Despite its abun-
dance, lignin has traditionally been considered a waste 
product in the paper and pulp industry, with its utiliza-
tion lagging behind that of cellulose and hemicellulose. 
As the commercialization of lignocellulosic biofuels has 
led to a surge in waste lignin production, the need for 
valorization of lignin has become increasingly urgent [2]. 
Lignin, as the largest aromatic heteropolymer in nature, 
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holds potential as a renewable source of aromatic chemi-
cals, which are essential for the production of value-
added materials, fine chemicals, and pharmaceuticals 
[3]. Lignin depolymerization is an important starting 
point for its valorization, but is challenged by the inher-
ent heterogeneity and recalcitrance of lignin [4]. Efficient 
approaches to degrading lignin polymer are critical to 
maximizing the potential of this valuable resource. Bio-
logical depolymerization of lignin using enzymes from 
microorganisms has emerged as a promising and envi-
ronmentally friendly alternative, offering advantages such 
as mild reaction conditions, low energy consumption, 
and reduced organic chemical requirements [5].

Despite the natural recalcitrance of lignin, a variety of 
microorganisms, such as fungi and bacteria, have been 
found to possess the ability to degrade it. However, their 
efficiency in breaking down lignin is hindered by inade-
quate activity of the enzymes responsible for lignin deg-
radation. Various strategies have been utilized to improve 
the activity of lignin-degrading enzymes. For instance, 
the consortium composed of Trametes versicolor and 
other microorganisms has been employed to boost the 
activity of lignin-degrading enzymes through microbial 
synergism [6, 7]. Additionally, the Chinese herbal medi-
cine Polygonum cuspidatum was used to enhance laccase 
production in T. versicolor [8]. Although these studies 
have provided several feasible strategies, it is still neces-
sary to develop new approaches to improve the activity 
of lignin-degrading enzymes in microorganisms. The 
importance of developing new methods lies not only 
in achieving efficient lignin degradation platforms, but 
also in gaining a better understanding of the production 
mechanism of microbial lignin-degrading enzymes.

Microorganisms degrade lignin through the secretion 
of extracellular lignin-degrading enzymes. Oxidative pro-
tein folding in endoplasmic reticulum (ER) is essential 
for the formation of active conformation and secretion 
of these enzymes [9]. However, this process also leads to 
the generation of reactive oxygen species as a byproduct, 
contributing to ER stress, inefficient protein folding, and 
activation of the unfolded protein response [10]. Further-
more, the depolymerization of lignin by lignin-degrading 
enzymes results in the generation of various free radicals 
[11, 12]. Therefore, the maintenance of the redox home-
ostasis is crucial for the production of lignin-degrading 
enzymes and lignin degradation. The addition of an 
appropriate antioxidant has the potential to regulate 
microbial redox status and further influence the activity 
of lignin-degrading enzymes.

Ascorbic acid (AA) is widely recognized for its antioxi-
dant properties in free radical-mediated oxidation pro-
cesses [13, 14]. It is believed to play an essential role in 
maintaining the intraluminal oxidative environment in 

the ER [15, 16]. Besides, AA has been shown to act as a 
pro-oxidant, enhancing the pro-oxidant activity of cop-
per and iron, which are critical components of important 
lignin-degrading enzymes such as laccase (Lac) and man-
ganese peroxidase (MnP) [17]. These suggest that AA has 
the potential to amplify the activity of microbial lignin-
degrading enzymes. The fungus T. versicolor, known for 
its ability to secrete Lac and MnP, is an efficient micro-
organism for lignin depolymerization [7, 18]. However, 
the degradation efficiency of T. versicolor is limited by the 
low activity of its lignin-degrading enzymes. In this study, 
AA was added into the culture medium of T. versicolor to 
investigate the impact of antioxidant on enzyme activity. 
The effects of AA on Lac and MnP activity were exam-
ined and analyzed, as well as the rates of lignin degrada-
tion, changes in lignin structure, and detailed product 
mapping. Furthermore, label-free differential proteom-
ics analysis was performed to obtain an in-depth under-
standing of the molecular mechanisms underlying the 
AA-enhanced activity of lignin-degrading enzymes. The 
study demonstrates that the addition of AA is an effective 
way to enhance the activity of lignin-degrading enzymes, 
which was more likely to be achieved through reinforcing 
protein folding and transportation.

Materials and methods
Chemicals and microorganism
The T. versicolor was purchased from China General 
Microbiological Culture Collection Center. Ascorbic acid 
was purchased from Beijing Solarbio Science & Tech-
nology Co., Ltd. Lignin, which was extracted from corn 
stalks, was supplied by Shandong Longlive Bio-Technol-
ogy Co., Ltd. The extraction procedure for the lignin was 
as follows: the 70 g of raw corn stalks underwent treat-
ment with 1 M NaOH at a temperature of 50 °C for 3 h, 
utilizing a solid-to-liquid ratio of 1:20 (g/ml). Following 
the reaction, the resulting liquid fraction was filtered 
and its pH was adjusted to a range of 5.0–6.0 using 6 M 
HCl. Subsequently, the solution was concentrated and 
precipitated in ethanol to eliminate hemicellulosic com-
ponents. The aqueous ethanol filtrate, which contained 
lignin, was then concentrated under vacuum and repre-
cipitated through acidification with 6 M HCl to pH 2.0. 
Ultimately, the purified lignin was obtained, yielding 3.2 g 
after being dried in a vacuum oven at 50  °C. All other 
common chemical reagents were analytically pure and 
purchased from China National Pharmaceutical Group 
Corporation.

Culture medium and conditions
The T. versicolor was maintained on potato dextrose agar 
(PDA) plates. The cell culture of T. versicolor was per-
formed at 30℃ and 200  rpm in lab-modified medium 
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containing (per liter) glucose 20  g, peptone 5  g, yeast 
extract 2  g, KH2PO4 2  g, MgSO4·7H2O 0.5  g, MnSO4 
75  mg, CaCl2·2H2O 0.1  g, succinic acid 1.18  g, ammo-
nium tartrate 1.84  g, thiamine 1  mg, tween-80 0.5  mL, 
and trace element 70  mL (pH 5.4). The trace element 
components composed of the following components 
(in grams per liter): MgSO4·7H2O 3.0, MnSO4·H2O 0.5, 
NaCl 1.0, FeSO4·7H2O 0.1, CoCl 0.1, ZnSO4·7H2O 0.1, 
CuSO4·5H2O 0.1, KAl(SO4)2·12H2O 0.01, H3BO3 0.01, 
NaMo4·2H2O 0.01. A loop of colonies of T. versicolor 
from PDA plates was transferred in 250‐mL flasks for 
seed cultures. A 10% (vol/vol) inoculum was used for all 
experiments. Varying quantities of AA solution (200 g/L) 
were added into the culture medium to achieve needed 
final concentrations of AA in the culture system before 
the seed solutions transferred. The effect of AA on activ-
ity of lignin-degrading enzymes was determined with AA 
concentrations ranging from 0 to 2.0  g/L. The enzyme 
activity in the presence of lignin and enzyme activity in 
a 1.0-L scale-up cultivation and lignin degradation were 
studied with 1.5  g/L AA, and the cultivation without 
added AA was used as the control group. The sterilized 
glass beads with a diameter of 0.5 cm were applied in all 
liquid cultures for T. versicolor growth.

Enzyme assays
The supernatant was collected from 1.0  mL culture 
solution by centrifugation at 8000  rpm for 10  min. The 
activity of lignin-degrading enzymes was assayed using 
ultraviolet-visual (UV-visual) spectrophotometry. The 
catalytic activity of Lac was determined by monitor-
ing the change in absorbance at 420 nm [19]. The assay 
mixture (1.0 mL) for Lac activity contained 0.2 mL ABTS 
(0.5  mM), 0.1  mL collected supernatant and 0.7  mL 
malonic acid–malonate buffer (50  mM, pH 4.5). The 
MnP activity was measured by monitoring the oxidation 
of 2,6-dimethoxyphenol (2,6-DMP) as the substrate at 
470 nm [20]. The assay mixture (1.0 mL) for MnP activ-
ity contained 50  µL 2,6-DMP solution (10  mM), 50  µL 
MnSO4 solution (10 mM), 50 µL H2O2 (10 mM), 0.1 mL 
collected supernatant and 0.7 mL malonic acid–malonate 
buffer (50 mM, pH 4.5). The enzyme activity was calcu-
lated with the UV absorption data according to reported 
methods [21].

Determination of degradation rates
The degradation rate of lignin was determined by the 
Laboratory Analysis Protocol from the National Renew-
able Energy Laboratory [22]. According to the protocol, 
the contents of acid-soluble and acid-insoluble lignin 
need to be determined separately. Then, the lignin deg-
radation rate was calculated based on the mass change 

by combing the acid insoluble and soluble portions of the 
sample. The equation used is as follows:

where W is the amount of lignin added in the cultivation 
system; Wacid-insoluable the amount of acid-insoluble lignin 
at the end of the cultivation; and Wacid-soluable the amount 
of acid-soluble lignin at the end of the cultivation.

Characterization of lignin in cultivation with or without 
ascorbic acid
The changes of lignin morphology and structure were 
characterized using a scanning electron microscope 
(SEM, TESCAN MALA3 LMH, Czech Republic). The 
samples were prepared by centrifuging the culture solu-
tion at the end of cultivation at 8000 rpm for 10 min and 
the precipitate was collected and lyophilized for 48 h to 
achieve a constant weight. Samples were coated with 
gold powder by a spray meter beforehand. The weight-
averaged (Mw) and number-averaged (Mn) molecular 
weights were determined at 40  ℃ in tetrahydrofuran 
solution by a Malvern OmniSEC system (Malvern Pana-
lytical Ltd., Malvern, UK). The FT-IR spectrum of water 
soluble fraction was obtained on a Nicolet iS50 FT-IR 
spectrometer (Thermo Fisher Scientific Co., Waltham, 
MA, USA).

Analysis of lignin degradation products
Samples (50 mL) from the cultivation culture were cen-
trifuged at 8000  rpm for 10  min to remove the cells. 
Then, the pH of the centrifuged supernatant was adjusted 
to approximately 2.0 by addition of 6.0  M HCl. Sub-
sequently, the mixture was derivatized according to 
reported procedures [23]. The derivatized sample (1.0 μL) 
was injected into the Gas chromatography-mass spec-
trometry (GC–MS, Thermo Fisher Scientific Trace ISQ, 
America) equipped with capillary column HP-5 using 
Helium as the carrier gas. The injection temperature, ion 
source temperature, and transfer line temperature were 
280, 250, and 200 ℃, respectively. The initial column tem-
perature of 50 ℃ was held for 5 min, then raised to 300 ℃ 
at a rate of 10 ℃/min, and then maintained for 5 min. The 
solvent delay time was 180 s. The ionization mass spec-
trum in the range of 30–550  m/z was recorded in Full 
Scan mode and 70 eV electron energy. The results were 
compared with standard mass spectrometry databases to 
determine the products after lignin degradation [24].

(1)

Lignin degradation rate

=
W−Wacid-insoluable −Wacid-soluable

W
100%
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Label‑free differential proteomics analysis
The separation of peptides was performed by SCIEX’s 
eksigent ultra 2D model nanoliter liquid phase chroma-
tograph with a tandem self-packed C18 column (75 μm 
internal diameter, 3  μm column size, 20  cm column 
length). The liquid phase chromatography separated pep-
tides were passed to an ESI tandem mass spectrometer: 
TripleTOF 5600 (SCIEX, Framingham, MA, USA), the 
ion source was Nanospray III source (SCIEX, Framing-
ham, MA, USA), and the emitter was a needle (New 
Objectives, Woburn, MA, USA) drawn from quartz 
material. For data acquisition, the mass spectrometer 
parameters were set as follows: ion source spray voltage 
2300 V, nitrogen pressure 35 psi, spray gas 15 and spray 
interface temperature 150 ℃. Scanning in high sensitiv-
ity mode, the MS1 scan cumulative time was 250  ms, 
and the scan quality range was 350–1500  Da. Based on 
the MS1 scanning information, according to the ionic 
strength in the MS1 spectrum from high to low, the first 
30 ions exceeding 150 cp were selected for fragmentation 
and the MS2 information was scanned. The raw datum 
was identified using the integrated Andromeda engine of 
MaxQuant [25], and then MaxQuant performed quan-
titative analysis based on the peak intensity, peak area, 
and LC retention time of the peptides related to the first-
order mass spectrometry, and performed a series of sta-
tistical analysis and quality control. At the spectrum level, 
filtering was performed with PSM-level FDR <  = 1%, and 
at the protein level, further filtering was performed with 
Protein-level FDR <  = 1% to obtain significant identifica-
tion result. Then based on the identification results, this 
process will automatically complete analysis of functional 
annotations such as GO, KOG, Pathway. Based on the 
quantitative results, the search for differential proteins 
between different comparison groups is completed, and 
the functional analysis of the corresponding differentially 
enriched proteins is finally performed. Welch’s t-test was 
used for quantitative analysis of proteomics data.

Results and discussion
Effect of AA on activity of lignin‑degrading enzymes
AA is very popular for its antioxidant properties. The 
effects of AA on physiological processes of various micro-
organisms have been widely identified [26–28]. In view 
of this, AA is a good model compound for testing the 
effect of antioxidant on the activity of lignin-degrading 
enzymes. Therefore, AA in different concentrations was 
added into the culture medium of T. versicolor and the 
activity of lignin-degrading enzymes was analyzed after 
10 days of cultivation. The enzymatic activity of Lac and 
MnP was enhanced in the presence of AA as expected 
(Fig.  1a and b), while the cell growth of T. versicolor 
was not obviously affected (Table  S1). Particularly, the 

highest activity of Lac (10736 U/L) and MnP (8659 U/L) 
was achieved when the concentration of AA was 1.5 g/L, 
which was 4.9- and 3.9-fold greater than those of the con-
trol sample, respectively. Moreover, it was noted that the 
activity of lignin-degrading enzymes decreased with fur-
ther increase of AA concentration up to 2.0 g/L. It might 
be attributed to the high concentrations of AA lead to 
the excessive elimination of free radicals [29–31], which 
commonly exert a series of advantageous physiological 
effects such as sensing of oxygen tension, enhancement 
of signal transduction, and oxidative stress response [32, 
33]. These functions are necessary for maintaining cellu-
lar metabolism and inevitably affect the activity of lignin-
degrading enzymes. Thus, the delicate balance between 
the advantageous and detrimental effects is clearly an 
important aspect of the increased activity of lignin-
degrading enzymes driven by antioxidant.

The activity of lignin-degrading enzymes was deter-
mined in the presence of lignin to further confirm the 
reinforcement effect of the AA. As shown in Fig. 1c and 
d, the addition of AA also produced an enhancement on 
the activity of Lac and MnP during the whole cultivation 
at the additive amount for 1.5  g/L. Both Lac and MnP 
activities were also highest on the 7th day in the culti-
vation with or without lignin. In the presence of lignin, 
the highest activity of Lac and MnP was 12694 U/L and 
8790 U/L, respectively. The enhancement of Lac and 
MnP activity was 4.9- and 3.3-fold than those of the con-
trol. These outcomes demonstrated that the addition of 
AA can still enhance the activities of lignin-degrading 
enzymes in the presence of lignin. Therefore, this strat-
egy could be directly applied to the degradation of lignin. 
More encouragingly, the activity of lignin-degrading 
enzymes in the presence of AA was also much higher 
than those of the control in a 1.0-L scale-up cultivation 
(Fig. 1e and f ). Bioprocess scale-up is a vital step in pro-
cess development. Generally, the decrease of indicators 
such as biological activity, biomass, and product yield 
was observed during the scale-up process [34]. The activ-
ity of both Lac and MnP was higher in the scale-up cul-
tivation than which in 250‐mL shake flask. It is of great 
significance to construct a scalable system for the activity 
enhancement of lignin-degrading enzymes.

Lignin degradation and products mapping
It is expected that the increase in Lac and MnP activities 
could indeed enhance the lignin degradation ability of T. 
versicolor. Thus, the degradation rate and morphological 
change of lignin in cultivation systems with or without 
AA were compared. As shown in Fig. 2a, the lignin deg-
radation rate of the cultivation with AA was determined 
to be.
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35.2%, which was much higher than that of the con-
trol group (17.5%). The results of lignin morpho-
logical changes obtained through SEM were in good 
agreement with the experimentally determined degra-
dation rate (Fig. 2b-f ). Changes in the shape and size of 

lignin suggested that the cultures with AA indeed pos-
sessed stronger lignin degradation capability. The particle 
size of lignin in the cultivation with AA was smaller than 
those in the control group after 7 days. A more obvious 
difference was observed after 20 days. The morphology of 

Fig. 1  Effects of ascorbic acid addition on lignin-degrading enzyme activity. a-b Effect of ascorbic acid concentration; c-d Enzyme activity 
in the presence of lignin; e–f Enzyme activity in a 1.0-L scale-up cultivation. Error bars indicate standard deviation
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lignin in the cultivation with AA was more irregular and 
the particles were more densely packed (Fig. 2f ).

To gain a better understanding of the reinforcement 
of AA on the activity of lignin-degrading enzymes, the 
molecular weights, chemical composition, and degrada-
tion products were identified and characterized by GPC, 
FT-IR, and GC–MS. As shown in Fig. 3a and b, the lignin 

in the sample was continuously degraded and the molec-
ular weights gradually decreased. The original lignin 
has number-averaged (Mn) and weight-averaged (Mw) 
molecular weights of 50400  g/mol and 68700  g/mol, 
respectively. After 7 days of treatment, the Mn and Mw 
of lignin decreased in both cultivation with or without 
AA, and further decrease of lignin molecular weights was 

Fig. 2  Lignin degradation in cultivation systems with or without ascorbic acid. a Lignin degradation rate. b-f SEM images. Error bars indicate 
standard deviation
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observed after 20 days of treatment. The difference is that 
the Mn and Mw of lignin in the cultivation with AA were 
lower than those in control group. This result implied 
that the depolymerization of lignin occurred to a greater 
extent in cultivation with AA. It was further confirmed by 
the structure changes of lignin. As shown in Fig. 3c, more 
new or more changed peaks appeared in the FT-IR spec-
tra of lignin degradation with AA, indicating the lignin 

in cultivation with AA exhibited more structure changes 
than the lignin in cultivation without AA. For example, 
the signals at 1058  cm−1, 947  cm−1, and 878  cm−1 were 
observed only in the lignin cultivated with AA, while the 
band at 1651 cm−1, 1544 cm−1, 1153 cm−1, 996 cm−1, and 
639 cm−1 showed relatively higher intensity. These bands 
mainly originated from out-of-plane bending vibra-
tion of aromatic C-H groups (996  cm−1, 947  cm−1, and 

Fig. 3  Characterization of lignin in cultivation systems with or without ascorbic acid. a Number-averaged molecular weights; b Weight-averaged 
molecular weights; c FT-IR spectrometry. Error bars indicate standard deviation
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878  cm−1), C-H deformation vibrations of aromatic ring 
(639  cm−1), benzene ring skeleton vibration (1651  cm−1 
and 1544  cm−1), and stretching vibration of the ether 
bond (1058  cm−1 and 1153  cm−1). These results indi-
cated that the lignin in cultivation with AA experienced 
more substitutions at aromatic ring and more altera-
tions in the connection of the constituent units. Moreo-
ver, the increased activity of lignin-degrading enzymes 
also contributes to the degradation of lignin into smaller 
products. As shown in Table  1 and Fig. S1, the high 

molecular weight products such as C16H22O4, C23H32O2, 
and C24H38O4 have a higher content in the cultivation 
without AA, while a higher content of the low molecular 
weight compounds including C6H12O2, C7H6O2, C14H22, 
and C11H16O was detected in the cultivation with AA. 
These results demonstrated that AA-mediated increase 
in lignin-degrading enzyme activity not only enhances 
lignin degradation rate, but also encourages further for-
mation of smaller molecules.

Table 1  Differential products of lignin degradation identified by GC–MS

a  + , detected; +  + , detected with a higher amount

Retention time 
(min)

Formula Product name Product structure Relative amounta

Without AA With AA

5.260 C6H12O2 Butyl acetate  +   +  + 

14.380 C7H6O2 Benzoic acid  +   +  + 

14.470 C14H22 1,3-Di-tert-butylbenzene  +   +  + 

22.535 C16H22O4 Diisobutyl phthalate  +  +   + 

24.405 C16H32O2 Palmitic acid  +   +  + 

26.315 C18H36O2 Stearic acid  +   +  + 

27.940 C23H32O2 6,6’-Methylenebis(2-(tert-butyl)-
4-methylphenol)

 +  +   + 

28.155 C11H16O 2-(Tert-butyl)-4-methyl
phenol

 +   +  + 

28.925 C24H38O4 Bis(2-ethylhexyl)
phthalate

 +  +   + 
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As a selected model antioxidant, AA indeed enhanced 
the activity of lignin-degrading enzymes and the lignin 
degradation ability of T. versicolor. In addition to AA, it 
has been confirmed that a variety of enzymatic antioxi-
dants, non-enzymatic antioxidants, and synthetic anti-
oxidants play a critical role in the cellular metabolism 
[35, 36]. These antioxidants possess the ability to delay 
oxidation reaction, obstruct the development of free rad-
icals, or break the generation of the autoxidation chain 
reaction [14, 37]. They also act as reducing agents and 
metal chelators, transforming hydroperoxides and metal 
prooxidants into stable forms [37]. The mentioned roles 
of antioxidants are closely linked to the production of 
enzymes, the provision of cofactors, the proper folding of 
proteins, and the secretion of enzymes. Naturally, these 
antioxidants might produce effects that are comparable 
to or even superior to those of AA. It is necessary to con-
duct more extensive screening for effective antioxidants.

Proposed mechanism for the enhanced activity 
of lignin‑degrading enzymes
The addition of AA was a straightforward approach for 
enhancing the activity of lignin-degrading enzymes in T. 
versicolor; however, it simultaneously raises considera-
tions regarding the economic feasibility and scalability 
in practical applications. The construction of microor-
ganisms that can autonomously synthesize appropriate 
amount of AA, or the engineering of microorganisms 
based on the mechanism of AA enhancing the lignin-
degrading enzyme activity, presents a viable alternative to 
the addition of exogenous AA.

To obtain an in-depth understanding of the molecu-
lar mechanisms underlying the AA-enhanced activity 
of lignin-degrading enzymes, label-free differential pro-
teomics analysis was performed. Respectively, 1758 and 
2201 proteins were identified in the cultures with AA and 
the cultures without AA, including 1676 that were com-
mon to both groups (Fig. 4a). Compared with the cultures 
without AA, a total of 261 differential proteins were iden-
tified, of which 179 proteins were significantly up-regu-
lated (fold change > 1.5 and p-value < 0.05) and another 
82 proteins were significantly down-regulated (fold 
change < 0.6 and p-value < 0.05), respectively (Fig.  4b). 
KEGG pathway enrichment analysis showed that the dif-
ferential proteins mapped to metabolism were mainly 
enriched in the carbohydrate metabolism and amino acid 
metabolism (Fig. 4c). Meanwhile, several ribosomal pro-
teins, protein translation factors, and amino acid-tRNA 
ligases were up-regulated (Fig.  5a and Fig. S2). Hence, 
it was originally speculated that the increase in Lac and 
MnP activities was mainly caused by the enhancement 
of their expression, benefiting from the improvement in 

carbohydrate metabolism and amino acid metabolism 
driven by AA addition. However, the expression level 
of both Lac and MnP did not show significant changes 
(Table  S2). Obviously, the AA-enhanced activity of Lac 
and MnP was not achieved by simply or directly chang-
ing their intracellular expression levels.

Further analysis revealed that the impact of AA on 
cellular processes is mainly reflected in transport and 
catabolism, while the genetic information processing 
associated with the differential proteins mainly involved 
in the translation, folding, sorting and degradation 
(Fig.  4c). In particular, the differential proteins involved 
in the assistance of the newly synthesized polypeptide 
folding and prevention of the misfolded protein aggre-
gation were found to be up-regulated in the presence of 
AA (Fig. 5a and Fig. S2). The up-regulation of these pro-
teins was able to help more lignin-degrading enzymes to 
be able to form the correct structure faster. Particularly, 
the predicted structure of Lac and MnP from T. versicolor 
contains multiple disulfide bonds. The up-regulation of 
protein disulfide-isomerase (PDI) and peptidyl-prolyl 
cis–trans isomerase (PPI) could promote the correct 
folding of Lac and MnP because PDI plays pivotal roles in 
disulfide bond formation of proteins, while the efficiency 
of PDI is markedly improved by PPI [38, 39]. As shown in 
Fig. 5b, the contribution of AA to this positive effect was 
mediated by the oxidized AA form dehydroascorbic acid 
(DHA), which could act as an activator of PDI [40]. Fur-
thermore, the up-regulation of hydroxyacylglutathione 
hydrolase and thioredoxin reductase, both of which are 
involved in the synthesis of glutathione (GSH), was also 
observed. One of the basic roles of GSH is to restore AA 
via AA-GSH cycle (Fig. 5b). It is noteworthy that DHA is 
also reduced back to AA in the process of PDI‐mediated 
disulfide bond formation. AA regeneration through the 
above two pathways is also beneficial for ER to exert its 
protein synthesis and folding functions properly, because 
the antioxidant effect of AA could efficiently scavenges 
reactive oxygen species formed in oxidative protein fold-
ing maintaining the intralumenal redox homeostasis [17]. 
It is important for promoting the formation of active Lac 
and MnP.

The up-regulation of proteins associated with the 
protein transportation and the regulation of cell mem-
brane was also identified (Fig.  5a and Fig. S2). It is 
generally recognized that the extracellular secretion 
capacity represents a major hurdle in microbial-driven 
lignin conversion. The up-regulation of proteins associ-
ated with protein transportation and cell membrane is 
bound to enhance the secretion of Lac and MnP, conse-
quently resulting the promotion of the lignin-degrading 
ability of T. versicolor. In addition, the expression of 
coproporphyrinogen oxidase, which is engaged in the 
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Fig. 4  Label-free differential proteomics analysis. a Overlap of the identified proteins between sample with AA and without AA; b Volcano plot 
of differential proteins; c Differential protein pathway classification
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heme synthesis, was found to be up-regulated (Fig.  5a 
and Fig. S2). It is beneficial for the active structure for-
mation of MnP as heme is an essential cofactor of MnP. 
Besides, as a reducing agent, AA is able to reduce cat-
alytic metals such as Fe3+ and Cu2+ to Fe2+ and Cu1+ 

(Fig. 5c). Meanwhile, the reduced copper could transfer 
an electron to iron [41]. The alteration of the redox state 
of copper and iron by AA addition was also the positive 
factor for the active conformation formation of Lac and 
MnP. The reason is that Cu2+ is essential component of 

Fig. 5  Proposed mechanism for the reinforcement of AA on the activity of lignin-degrading enzymes. a Distribution of differential proteins; b PDI 
activation by DHA and disulfide bond formation; c AA-mediated alteration of the redox state of copper and iron. ER Endoplasmic reticulum, GA 
Golgi apparatus, GSH Glutathione, GSSG Oxidized glutathione, DHA Dehydroascorbic acid, PDI Protein disulfide-isomerase tigA, PPI Peptidyl-prolyl 
cis–trans isomerase. Red arrow, site with up-regulated protein
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active Lac, while Fe2+ is an important raw material for 
the synthesis of MnP cofactor heme. Moreover, glyco-
sylation is one of the most important post-translational 
modifications and has a significant effect on the struc-
ture and functions of proteins [42]. It was found that 
the differential proteins associated with the protein gly-
cosylation were up-regulated (Fig. 5a and Fig. S2). Sev-
eral potential glycosylation sites were predicted in the 
Lacs of T. versicolor. Thus, it was speculated that the 
enhancement of Lac activity was partially benefits from 
the strengthening of glycosylation. The results of prot-
eomics analysis provided information for us to find the 
mechanisms underlying the AA-enhanced activity of 
lignin-degrading enzymes. Taken together, the activity 
enhancement of lignin-degrading enzymes was more 
likely to benefit from the reinforcement of AA on the 
protein folding and transportation rather than change 
enzyme expression levels. The proper folding and effec-
tive secretion of lignin-degrading enzymes are criti-
cal determinants of the lignin degradation capacity of 
microorganisms [43–45]. Enhancing these processes is 
generally advantageous for improving microbial lignin 
degradation capability. Therefore, the enhancement of 
AA on the lignin degradation ability of T. versicolor did 
not appear to be specific, suggesting that this approach 
holds potential for application in other lignin-degrad-
ing microorganisms.

Conclusion
As the most abundant aromatic polymer found in 
nature, lignin represents a significant resource for 
the development of sustainable bioproducts. The val-
orization of lignin not only mitigates reliance on non-
renewable fossil fuels but also enhances the economic 
viability of lignocellulosic biorefineries. Our findings 
suggest that the addition of AA enhanced the perfor-
mance of enzymes responsible for lignin degradation in 
terms of enzyme activity, degradation rate, lignin struc-
tural change, and product mapping. Label-free differen-
tial proteomics analysis yielded crucial insights that can 
guide the development of novel strategies to further 
enhance the enzymatic breakdown of lignin by micro-
organisms. Overall, this study has provided a successful 
strategy and valuable starting point for improving the 
activity of lignin-degrading enzymes in fungus.
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