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Abstract: Lytic polysaccharide monooxygenase (LPMO) could oxidize and cleavage the glycosidic
bonds of polysaccharides in lignocellulose, thereby promoting the hydrolysis of polysaccharide
substrates by glycoside hydrolases and significantly improving the saccharification efficiency of
lignocellulose. Brown-rot fungi are typical degraders of lignocellulose and contain multiple LPMO
genes of the AA14 family and AA9 family, however, the AA14 LPMO from brown-rot fungi was
rarely reported. Herein, the transcriptomic analysis of Serpula lacrymans incubated in the presence of
pine exhibited that an AA14 LPMO (SlLPMO14A) was significantly upregulated and there were redox
interactions between LPMOs and other enzymes (AA3, AA6, and hemicellulose degrading enzyme),
indicating that SlLPMO14A may be involved in the degradation of polysaccharides. Enzymatic
profiling of SlLPMO14A showed the optimal pH of 8.0 and temperature of 50 ◦C and it had higher
reaction activity in the presence of 40% glycerol and acetonitrile. SlLPMO14A could significantly
improve the saccharification of pine and xylan-coated cellulose substrate to release glucose and xylose
by cellulase and xylanase by disturbing the surface structure of lignocellulose based on environmental
scanning electron microscope and atomic force microscopy analysis.

Keywords: LPMO; Serpula lacrymans; lignocellulose degradation; saccharification

1. Introduction

Lignocellulose is the most abundant renewable resource in nature, which provides
a sustainable substitute for fossil fuels, and has a wide application potential in the field
of biorefinery. The discovery of lytic polysaccharide monooxygenases (LPMO) was of
great significance for the degradation of polysaccharides in lignocellulose [1,2]. LPMO can
oxidize and break the glycosidic bonds of polysaccharides such as cellulose, chitin, and
starch, thereby reducing the resistance of polysaccharide conversion and promoting the
hydrolysis of polysaccharide substrates by glycoside hydrolases [3]. LPMOs have abundant
structural and substrate diversity, indicating that LPMOs could play diverse functions in
nature [4,5].

Brown-rot fungi are the most important wood-rot basidiomycetes in the coniferous
forest ecosystem and have a unique low-energy-consumption strategy to depolymerize
lignocellulose. Brown-rot fungi have evolved a two-step biodegradation mechanism of lig-
nocellulose. Lignocellulose is first oxidized by hydroxyl radicals generated by extracellular
Fenton reaction (H2O2 + Fe2+ →•OH + OH− + Fe3+) to depolymerize or modify lignin in
the early stage, and subsequently, the exposed polysaccharide is oxidized as an absorbable
carbon source by limited glycoside hydrolase in the later stage [6,7]. Brown-rot fungi pref-
erentially degrade hemicellulose to disrupt the long-chain polymeric nature of the cell wall
carbohydrates in the early decay process of brown-rot fungi [8]. Brown-rot fungi contain
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multiple LPMO genes related to the degradation of lignocellulosic polysaccharides, mainly
belonging to two families of auxiliary activity (AAs) in the carbohydrate-active enzymes
(CAZy): AA9 and AA14 [9–11], responsible for the degradation of cellulose and xylan
respectively. A study has found that when S. lacrymans grows on lignocellulose as a carbon
source, the LPMO genes are significantly upregulated (defined as the GH61 family at the
time) [12]. Kojima et al. reported AA9 LPMOs could decrease wood strength in the early
stage of brown-rot fungi wood decay by depolymerizing the backbone of xyloglucan [13].
AA9 has been widely studied and reported in promoting cellulose hydrolysis, but AA14 is
less studied.

Unlike AA9, which cleaves the glycosidic bonds in crystalline cellulose, AA14 en-
hances biomass degradation by oxidatively breaking the bond of xylan-coated cellulose
fibers. Couturier et al. [14] and Zerva et al. identified [15] a significant synergistic inter-
action between AA14s from white-rot fungus and an enzyme cocktail and xylanase for
lignocellulose degradation, respectively. Mahajan et al. [16] also reported that two AA14
LPMOs and one pyrroloquin-olinequinone-dependent oxidoreductase (AA12) contributed
to the lignocellulosic plant biomass degradation according to the transcriptomic analysis of
the white-rot fungus Podoscypha petalodes GGF6, but enzymatic hydrolysis characteristics of
the two AA14 LPMOs are not clear. There are few studies on the role of AA14 LPMOs in
the degradation of lignocellulose by brown-rot fungi. The characteristics of AA14 from the
brown-rot fungus and its enzymatic saccharification for biomass were rarely reported.

In this study, we analyzed the transcriptome of S. lacrymans cultured on lignocellulose
to reveal the expression pattern of carbohydrate-degrading enzymes and auxiliary enzymes,
which showed that the SlLPMO14A could contribute to polysaccharides degradation. The
biochemical characteristics of SlLPMO14A were studied. Saccharification of pine and
xylan-coated cellulose substrate in the presence of SlLPMO14A was performed. This study
contributes to further understanding the role of AA14 in wood decay by brown-rot fungi
and lays a foundation for its application in the field of biorefinery.

2. Materials and Methods
2.1. Strains and Medium

Serpula lacrymans (Wulfen) Schroeter NBRC 30955 (S. lacrymans) was preserved in our
laboratory and stored at 4 ◦C. The strain was inoculated on MEA solid medium (3% malt
extract, 0.3% soy peptone, and 1.5% agar) for cultivation at 20 ◦C. Escherichia coli Rosetta
(DE3) was used for gene cloning and expression of SlLPMO14A.

2.2. Transcriptome Analysis of Serpula Lacrymans Incubated on Pine

S. lacrymans was inoculated into MEA liquid medium (3% malt extract and 0.3% soy
peptone) under 180 rpm for 5 days at 20 ◦C, then the mycelial homogenate was inoculated
into solid medium containing 1 g of pine (substrate: MEA = 1:20) in 250 mL flasks and
grown at 20 ◦C for 30 d. The total fungal RNA was extracted using a Tiangen polysac-
charide polyphenol Plant Total RNA Extraction kit (TIANGEN, Beijing, China) and se-
quenced using the illumina NovaSeq 6000 (illumina, San Diego, CA, USA) by Novogene
(Beijing, China). RNA-seq data were spliced using Trinity and mapped to the reference
genome of S. lacrymans S7.9 using the HISAT2 software package. Nr (diamond v0.8.22),
Nt (NCBI blast 2.2.28+), Pfam (HMMER 3.0 package, hmmscan), KOG/COG (diamond
v0.8.22), Swiss-prot (diamond v0.8.22), KEGG (KAAS, KEGG Automatic Annotation Server,
http://www.genome.jp/tools/kaas/, accessed on 20 March 2022), GO (Blast2GO v2.5)
and CAZy databases (dbCAN, http://bcb.unl.edu/dbCAN2/, accessed on 28 March 2022)
were used for gene function annotation of transcriptome.

2.3. Sequence Alignment and Phylogenetic Tree Analysis of SlLPMO14A

For sequence alignment, multiple sequence alignment for SlLPMO14A was carried
out using NCBI-BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 5 May 2022).

http://www.genome.jp/tools/kaas/
http://bcb.unl.edu/dbCAN2/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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Based on the sequence alignment, a phylogenetic tree was constructed with MEGA-X
software according to the neighbor-joining method.

2.4. Expression and Purification of Recombinant SlLPMO14A

The total RNA of S. lacrymans was extracted using an RNA extraction kit (TaKaRa,
Dalian, China, MiniBEST Universal RNA Extraction Kit) and cDNA synthesis was per-
formed using a cDNA synthesis kit (PrimeScript™ 1st Strand cDNA Synthesis Kit) with
total RNA as a template. The obtained cDNA gene was used to amplify the target
gene SlLPMO14A by PCR (Supplementary Table S1). The PCR product of SlLPMO14A
was cloned into the modified pET-28a(+) vector with a factor Xa cleavage site. The
construction of plasmid pET28a-SlLPMO14A was referred to the method reported by
Forsberg et al. [17,18]. The successfully sequenced recombinant plasmids were transformed
into E. coli Rosetta (DE3) competent cells. Transformants were selected on LB plates con-
taining 30 µg/mL kanamycin sulfate. The recombinant E. coli was cultivated and induced
with 1 mM IPTG for LPMO expression.

The bacterial cells were collected via centrifugation at 12,000× g for 5 min and mixed
with pre-cooled buffer (contained 50 mM pH 7.9 Tris-HCl, 10 mM EDTA, 5 mM DTT).
The bacterial cells were lysed by a high pressure homogenizer. The inclusion bodies were
collected via centrifugation at 12,000× g for 30 min and washed twice with inclusion
body washing buffer (20 mM pH 7.9 Tris-HCl, 2 M urea, 1 mM EDTA, 5 mM DTT) and
dissolved for 1 h by adding a low-concentration imidazole buffer (20 mM pH 7.9 Tris-HCl,
8 M urea, 5 mM imidazole, 0.5 M NaCl). The dissolved SlLPMO14A was purified by Ni-
Agarose Resin affinity chromatography. The purified SlLPMO14A with final concentration
of 0.1 mg/mL was refolded with 0.7 mM GSSG, 0.1 mM DTT and 500 µM CuCl2 in 50 mM
Tris-HCl buffer (pH = 9.5) for 16 h at 4 ◦C in the dark. The supernatants containing the active
protein were collected via centrifugation at 12,000× g for 10 min, and further concentrated
and dialyzed in 20 mM Tris-HCl buffer (pH = 7.4). In order to avoid the influence of His-tag
and copper ions on the experiment, a Factor Xa Cleavage Capture Kit (Novagen, Madison,
WI, USA) was used to cleave the His-tag, and excess copper ions were removed through
a PD MidiTrap G-25 desalting column (GE Healthcare, Chicago, IL, USA) [17,19]. The
activities of SlLPMO14A were detected by the Amplex Red Assay/horseradish peroxidase
assay [20].

2.5. Enzymatic Properties of SlLPMO14A

The enzymatic properties of SlLPMO14A were studied using the reported oxidation
reaction of 2,6-dimethoxyphenol (DMP) by LPMO [21]. For the effect of temperature on
the activity of SlLPMO14A, the reaction included 100 mM pH 8.0 Tris-HCl buffer, 1 mM
DMP, 2 µM SlLPMO14A, and 100 µM H2O2. The reaction was carried out at 30~80 ◦C.
The enzyme activity was calculated by measuring the change of absorbance value at
469 nm, and the highest enzyme activity was set as 100%. In order to evaluate the effect
of temperature on the stability of SlLPMO14A, SlLPMO14A was incubated for 0, 1, 2,
and 4 h at 30~70 ◦C, then, samples were taken to determine the enzyme activity at room
temperature, and the initial enzyme activity was set as 100%.

For the effect of pH on the activity of SlLPMO14A, the reaction included 1 mM DMP,
2 µM SlLPMO14A, and 100 µM H2O2 in Britton-Robinson buffer (pH 4~9). The change
of absorbance was measured at 469 nm, and the highest enzyme activity was set as 100%.
In order to determine the effect of pH on the stability of SlLPMO14A, SlLPMO14A was
incubated for 2 and 6 h at pH 6~9, then sampled to determine the residual enzyme activity,
and the enzyme activity of SlLPMO14A without treatment was set as 100%.

To determine the effect of organic reagents on the activity of SlLPMO14A, the reaction
included 100 mM pH 7.0 Tris-HCl buffer, 5~40% of different organic reagents (methanol,
ethanol, DMSO, glycerol, acetonitrile, and ethylene glycol), 1 mM DMP, 2 µM SlLPMO14A,
and 100 µM H2O2. The enzyme activity was calculated by measuring the change of
absorbance value at 469 nm. In order to determine the effect of organic reagents on the
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stability of SlLPMO14A, SlLPMO14A was incubated with 10% and 40% of different organic
reagent for 3 h. Then, the samples, after treatment with organic reagents, were taken to
determine the residual enzyme activity, and the enzyme activity of SlLPMO14A without
treatment was set as 100%.

2.6. Polysaccharides Cleavage, ESEM and AFM Analysis

The reaction mixture for SlLPMO14A activity contained 10 mg/mL acid pretreated
pine substrate [22] and xylan-coated cellulose film prepared according to Ni H.’s
method [23], 1 mM ascorbic acid, 1 µM SlLPMO14A in 50 mM sodium acetate buffer
(pH = 5.0), and was treated at 50 ◦C for 48 h. Then, the reaction mixture was purified and
subjected to MALDI-TOF/TOF MS analysis [14,24]. The acid pretreated pine substrate
treated by SlLPMO14A was dried and subjected to environmental scanning electron micro-
scope (ESEM, Quanta 200, FEI, Holland) analysis. To observe the morphological changes of
the acid pretreated pine before and after treated by SlLPMO14A, the samples were treated
with gold spray, and ESEM analysis was performed at an accelerating voltage of 20.0 kV.
The xylan-coated cellulose film treated by SlLPMO14A was dried and subjected to atomic
force microscopy (AFM) analysis [23].

2.7. Saccharification Assays

The reaction mixture for saccharification assays contained 5 mg/mL of acid pretreated
pine or xylan-coated cellulose film, 1 µM SlLPMO14A, 60 FPU/(g substrates) commercial
cellulase or xylanase, and 1 mM ascorbic acid in 50 mM sodium acetate buffer (pH 5.0)
and were incubated at 50 ◦C for 24 h. The control group was treated in the absence of
SlLPMO14A. The sugar content was determined by HPLC using glucose and xylose as a
standard, respectively [25].

3. Results and Discussion
3.1. Transcriptomic Analysis Reveals Co-Regulation of SlLPMO14A with the Genes Involved in
Fenton Reaction and Polysaccharides Degradation in S. lacrymans

To find out the key enzymes involved in lignocellulose degradation, the transcriptome
samples of S. lacrymans grown on pine at week 2 and week 4 were analyzed (Figure 1).

A total of 39 expressed auxiliary activity proteins (AA family) were found based on
the CAZy database (Figure 1A). In the early stage (2 weeks), two AA1 families (362730,
353950) involved in lignin degradation were upregulated, among which, AA1 (362730)
had the higher abundant transcripts. The expression of H2O2-generating enzymes was
also significantly upregulated, such as the AA3, AA5, and AA7 families. Of these, four
AA3 family encoding genes (439506, 471949, 491425, 491377) were the most abundant tran-
scripts, suggesting that these AA3 families might play dominant roles in H2O2 generation.
Simultaneously, the relative abundance of 1,4-Benzoquinone reductase (AA6) (491411) was
increased. Benzoquinone reductases could participate in the Fenton reaction by reducing
quinones into hydroquinones, which are related to iron reductants. It is worth noting
that three lytic polysaccharide monooxygenases, a recognized oxidoreductase related to
polysaccharide cleavage, were upregulated, including one AA14 (468766) (SlLPMO14A)
and two AA9s (478045, 478044). Of these, the expression abundance of AA14 is higher than
that of AA9. Some studies reported the degradation product of lignin by laccase (AA1)
could serve as the electron donor source for driving the catalytic activity of LPMO [26].
SlLPMO14A showed similar expression patterns and levels with the AA3 and AA6 proteins
mentioned above, indicating interactions between AA3 and AA6 and AA14. Some studies
have also reported that the AA6 family (quinone reductase) and AA3 family (glucose
oxidase, alcohol oxidase, aryl alcohol oxidase) may be involved in the chemical process
of Fenton to supply hydrogen peroxide and hydroquinones [6,27,28], which could be a
co-substrate and serve as the electron donor source for achieving the catalytic activity of
LPMOs [29,30].
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Figure 1. Transcriptome analysis of S. lacrymans. S. lacrymans was cultured for two and four weeks
in the medium mixed with pine wood chips. (A) Differential gene expression of auxiliary activity
families (AA) in different periods. (B) Differential gene expression of the GH family in different
periods. Week 2, Week 4 represent the copy number of genes cultured on pine compared to the gene
copy number cultured on MEA. Redox, cellulose and hemicellulose represented the category of redox
gene in AAs, cellulose degradation and hemicellulose degradation, respectively.

The expression of the GH family genes related to cellulose and hemicellulose degrada-
tion was analyzed (Figure 1B). The total abundance of polysaccharide-degrading enzymes
was higher in the early stage (week 2) than in the later stage (week 4). It can be seen
that thirteen genes related to cellulose degradation were upregulated in the early stage,
belonging to β-glucosidase (one GH1, three GH3, and two GH5), and endoglucanase
(five GH5, two GH12). Thirty-one genes related to hemicellulose degradation were up-
regulated, and these hemicellulose degradation-related genes were distributed in nine
glycoside hydrolase families (GH10, GH3, GH31, GH2, GH47, GH5, GH92, GH16, and
GH71). Of these, the expression of the cellulose-degrading enzyme from the GH5 family
(433209), and hemicellulose-degrading enzymes from the GH10 family (349170 and 447930)
were the most significant. Compared with the genes related to cellulose degradation, more
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genes related to hemicellulose degradation were up-expressed. This may be related to the
preferential degradation of hemicellulose by brown-rot fungi in the early stage [8].

It Is worth noting that the AA14 family is reported to promote the degradation of lig-
nocellulose and increase the efficiency of wood saccharification through oxidative cleavage
of the xylan-coated cellulose fibers [14]. The AA14 (468766) gene was significantly upregu-
lated in the early stages and showed co-regulation with AA3 and AA6 redox enzymes and
hemicellulose degradation-related genes when cultivating on pine wood, which indicated
that it could be involved in oxidative mechanisms of polysaccharides in S. lacrymans and
the cooperative interactions between AA3 and AA6 redox enzymes and LPMOs might
be an indispensable part for the oxidative biomass degradation in wood decay by brown-
rot fungi.

3.2. The Expression of SlLPMO14A and Enzymatic Properties of SlLPMO14A

In order to explore the role of AA14 from S. lacrymans in the polysaccharides’ oxidation,
the upregulated SlLPMO14A (AA14, 468766) in the early stage of lignocellulose degrada-
tion by S. lacrymans was analyzed phylogenetically and successfully expressed in E.coli.
the sequence blast and phylogenetic tree showed that SlLPMO14A had a high sequence
similarity with the sequence from Leucogyrophana mollusca (68.2%, KAH7925687.1) and
was the closest neighbor with Leucogyrophana mollusca (Figure 2A); however, belonging to
different branches and away from the branches of white-rot fungus AA14, which indicated
the SlLPMO14A was novel. After purification, SDS-PAGE showed a molecular weight of
approximately 49 kDa for SlLPMO14A (Figure 2B).
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Figure 2. Phylogenetic tree construction of SlLPMO14A and purification of SlLPMO14A.
(A) Phylogenetic tree construction of SlLPMO14A and the other LPMO14s. (B) SDS-PAGE analysis
of SlLPMO14A.

The enzymatic properties of SlLPMO14A were characterized (Figure 3). The results
showed that SlLPMO14A had the highest enzyme activity at 50 ◦C (Figure 3A), which
displayed a similar optimum temperature with that of most fungal lignocellulose degrading
enzymes or commercial cellulases. The highest enzyme activity with 4 U/L at 50 ◦C was
set as 100%. The results showed over 70% of relative activity even at 80 ◦C (Figure 3A). The
residual SlLPMO14A activity was further detected after incubation at different temperatures
for different times, and it was found that SlLPMO14A exhibited a stable activity at 30–50 ◦C,
and the activity loss was less when incubated for 2 h. The activity still maintained more
than 70% activity of the initial SlLPMO14A activity after 6 h incubation at 70 ◦C (Figure 3B),
indicating that SlLPMO14A had a good thermostability. SlLPMO14A had the maximum
enzyme activity at pH 8.0 (Figure 3C). The stability of SlLPMO14A was better at alkaline pH
than at acidic conditions. About 50% of residual activity was determined when incubated
at pH 8.0 and 9.0 for 6 h, however, only retained 33.7% of the initial activity after incubation
at pH 6.0 for 6 h (Figure 3D). Different organic solvents also had a certain effect on the
activity and stability of enzymes, the addition of different concentrations of methanol,
ethanol, DMSO, glycerol, acetonitrile, and ethylene glycol led to the decrease of enzyme
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activity of SlLPMO14A (Figure 3E). Among them, DMSO and ethylene glycol had the
greatest effect on the activity of AA14 enzyme. Additionally, with the increase of organic
solvent concentration, its inhibitory effect on SlLPMO14A activity was more obvious. After
adding 40% ethanol, DMSO, and ethylene glycol, the enzyme activity of SlLPMO14A
decreased to 13.5%, 17.8%, and 30.3% of the initial activity, respectively. This may be
related to the fact that organic solvents affected various interactions within enzyme protein
molecules or the ability of enzyme protein molecules to bind water, resulting in a loss of
enzyme activity [31]. However, glycerol and acetonitrile had no obvious inhibitory effect
on SlLPMO14A activity. When SlLPMO14A was incubated in different concentrations
of organic solvent, its residual enzyme activity decreased to varying degrees (Figure 3F).
Compared with 10% of organic solvent, 40% of organic solvent had a greater effect on
SlLPMO14A enzyme stability. Among them, SlLPMO14A showed the best stability in
glycerol and retained more than 84% of the initial enzyme activity after incubation of 40%
of glycerol. It could be related to the fact that glycerol can protect proteins from a loss of
activity as a commonly protective agent for enzyme proteins [32].
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Figure 3. Enzymatic properties of SlLPMO14A. (A,B) are the effects of temperature on the activity
and stability of SlLPMO14A, the reaction was carried out in 100 mM pH 8.0 Tris-HCl buffer and the
reaction mixture contained 1 mM DMP, 2 µM SlLPMO14A, and 100 µM H2O2. (C,D) are the effects
of pH on the activity and stability of SlLPMO14A. (E,F) are the effects of organic solvents on the
activity and stability of SlLPMO14A. The activity of SlLPMO14A was determined using DMP as the
substrate, the highest enzyme activity of SlLPMO14A was set as 100% or the initial enzyme activity
(1.4 U/L) of SlLPMO14A was set as 100%.



Fermentation 2023, 9, 506 8 of 12

3.3. Polysaccharides Cleavage and the Synergy Assays for the Saccharification of Biomass

The acid-pretreated pine and the xylan-coated cellulose film were used as substrates
to evaluate the SlLPMO14A activity as an enzyme cocktail additive for enhanced ligno-
cellulose saccharification. After the treatment of acid-pretreated pine by SlLPMO14A, a
series of oxidation products were detected by MALDI-TOF MS (Figure 4A). It produced
many oligosaccharides and oxidized oligosaccharides (both C1-oxidation products or C4-
oxidation products) with degrees of polymerization (DPs) of 6–8. The identification of
oxidative products indicated that SlLPMO14A was active on acid-pretreated pine [14].
The surface of the acid-pretreated pine was observed by environmental scanning electron
micrographs (ESEM) (Figure 4B–E). It can be seen that the surface of the raw acid-pretreated
pine was relatively flat and smooth, while some cracks appeared on the surface of the
acid-pretreated pine after SlLPMO14A treatment, and some fragment-like areas could be
observed. It could be related that SlLPMO14A oxidized xylan-coated cellulose fibers in the
acid-pretreated pine, causing the structure to be destroyed and become looser.

The synergy assays between SlLPMO14A and cellulase, xylanase for acid-pretreated
pine saccharification, were further used to study the contribution of SlLPMO14A enzymes
to the saccharification of biomass, respectively (Figure 4F,G). It was observed that the
releasing glucose and xylose from the substrates by cellulase and xylanase, respectively,
were significantly increased after the addition of SlLPMO14A. Compared with the sacchar-
ification efficiency of acid-pretreated pine treated with cellulase and xylanase alone, the
concentration of glucose and xylose increased 1.16-fold and 1.26-fold by the synergy assays
with SlLPMO14A, respectively. These results were similar to the report that the addition of
AA14 to the CL847 Trichoderma reesei enzyme cocktail and xylanase led to the significant
release of glucose in pretreated softwood and xylooligomers in birchwood cellulose [14].

Xylan-coated cellulose film as an efficient and valid tool was further used to investigate
the enhanced enzymatic hydrolysis by SlLPMO14A (Figure 5). Figure 5A showed the xylan-
coated cellulose film could be efficiently oxidized and generated a series of oxidation
products with degrees of polymerization (DPs) of 6–8 after treatment by SlLPMO14A.
The raw cellulose film and the xylan-coated cellulose film before and after SlLPMO14A
treatment were observed by atomic force microscopy. It could be seen that the fiber structure
of the cellulose film alone was clearly visible (Figure 5B), while the surface of the xylan-
coated cellulose film became blurred, and the fiber structure was not clear (Figure 5C).
Compared with the untreated xylan-coated cellulose film, the fiber structure of the xylan-
coated cellulose film treated with SlLPMO14A did not change significantly. Interesting, the
Rq value significantly increased for xylan-coated cellulose film treated with SlLPMO14A
(38 nm) compared to 30 nm and 32 nm for cellulose films and xylan-coated cellulose films,
respectively, indicating that SlLPMO14A could oxidize xylan in xylan-coated cellulose
film and increase the surface roughness (Figure 5D). These results were consistent with
those previously reported, showing oxidative cleavage of highly refractory xylan-coated
cellulose fibers by the AA14 family [14]. In the presence of SlLPMO14A, the concentration
of releasing glucose and xylose reached 1.54 mg/mL and 0.88 mg/mL, respectively, which
were 29.4% and 35.4% higher than those with the addition of cellulase and xylanase alone
(Figure 5E,F). These results indicated that SlLPMO14A could significantly promote the
degradation of xylan-coated cellulose substrate by cellulase and xylanase.
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Figure 4. Polysaccharide cleavage and saccharification assays of acid-treated pine by SlLPMO14A.
(A) MALDI-TOF MS analysis of acid-treated pine oxidation products by SlLPMO14A. The reaction
mixture contained 1 µM SlLPMO14A, 10 mg/mL substrate, 1 mM ascorbic acid. Additionally, it was
incubated in 50 mM sodium acetate buffer (pH 5.0) at 50 ◦C for 48 h. The possible products in these
clusters are native oligosaccharides (m/z 833.01, 965.02 and 1097.05) and C1-oxidative aldonic acids or
C4-oxidative geminal diol (m/z 849.03, 981.04 and 1113.05), and C1-oxidised lactones or C4-oxidised
ketoaldose (m/z 831.03, 963.08 and 1095.02), sodium salts of C1-oxidative aldonic acids (m/z 1003.02
and 1135.03). (B–E) Environmental scanning electron micrographs of acid-treated pine samples
surface before (B,C) and after (D,E) treatment by SlLPMO14A. The microscope magnification of (B,D)
is 500×, the microscope magnification of (C,E) is 2000×. (F,G) Saccharification of acid pretreated
pine by SlLPMO14A. The reaction mixture contained 1 µM SlLPMO14A, 60 U/(g substrates) cellulase
or xylanase, 5 mg/mL substrate (acid pretreated pine), 1 mM ascorbic acid. Additionally, it was
incubated in 50 mM sodium acetate buffer (pH 5.0) at 50 ◦C for 24 h.
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Figure 5. Polysaccharide cleavage and saccharification assays of xylan-coated cellulose film by
SlLPMO14A. (A) MALDI-TOF MS analysis of xylan-coated cellulose film oxidation products by
SlLPMO14A. The reaction mixture contained 1 µM SlLPMO14A, 10 mg/mL substrate, 1 mM ascorbic
acid. Additionally, it was incubated in 50 mM sodium acetate buffer (pH 5.0) at 50 ◦C for 48 h. The
possible products in these clusters are native oligosaccharides (m/z 833.19, 965.24 and 1097.24) and C1-
oxidative aldonic acids or C4-oxidative geminal diol (m/z 847.20, 981.24 and 1113.25), and C1-oxidised
lactones or C4-oxidised ketoaldose (m/z 831.27, 963.19 and 1095.21), sodium salts of C1-oxidative
aldonic acids (m/z 871.21, 1003.24 and 1135.27). (B–D) Microscopy analyses of enzyme-treated xylan-
coated cellulose film. (B) AFM topography images of cellulose film; (C) AFM topography images
of xylan-coated cellulose film; (D) AFM topography images of SlLPMO14A-treated xylan-coated
cellulose film. The Rq values measured for cellulose film (B), xylan-coated cellulose film (C), and
SlLPMO14A-treated xylan-coated cellulose film (D) were 30 nm, 32 nm, and 38 nm, respectively.
(E,F) Saccharification of xylan-coated cellulose film by SlLPMO14A. The reaction mixture contained
1 µM SlLPMO14A, 60 U/(g substrates) cellulase or xylanase, 5 mg/mL substrate (xylan-coated
cellulose film), 1 mM ascorbic acid. Additionally, it was incubated in 50 mM sodium acetate buffer
(pH 5.0) at 50 ◦C for 24 h.
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4. Conclusions

In this study, it was found that an AA14 gene (SlLPMO14A, 468766) was upregulated
in the early stage of lignocellulose degradation by S. lacrymans based on the transcriptomic
analysis. The SlLPMO14A was heterologously expressed and characterized. It was found
to have maximum activity at 50 ◦C and pH 8.0. The SlLPMO14A showed activity on acid-
pretreated pine and xylan-coated cellulose substrates and could significantly increase the
hydrolysis and saccharification of lignocellulose substrate. These results are of great signifi-
cance for further understanding the role of LPMO on fungal degradation of lignocellulose
and the construction of efficient enzyme cocktails in the field of biorefinery.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9060506/s1, Table S1: Sequence of the SlLPMO14A.
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