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Abstract
Lignin-modifying enzymes (LMEs), which include laccases (Lacs), manga-
nese peroxidases (MnPs), versatile peroxidases (VPs), and lignin peroxi-
dases (LiPs), have been considered key factors in lignin degradation by
white-rot fungi because they oxidize lignin model compounds and depoly-
merize synthetic lignin in vitro. However, it remains unclear whether these
enzymes are essential/important in the actual degradation of natural lignin
in plant cell walls. To address this long-standing issue, we examined the
lignin-degrading abilities of multiple mnp/vp/lac mutants of Pleurotus
ostreatus. One vp2/vp3/mnp3/mnp6 quadruple-gene mutant was generated
from a monokaryotic wild-type strain PC9 using plasmid-based CRISPR/
Cas9. Also, two vp2/vp3/mnp2/mnp3/mnp6, two vp2/vp3/mnp3/mnp6/lac2
quintuple-gene mutants, and two vp2/vp3/mnp2/mnp3/mnp6/lac2 sextuple-
gene mutants were generated. The lignin-degrading abilities of the sextuple
and vp2/vp3/mnp2/mnp3/mnp6 quintuple-gene mutants on the Beech wood
sawdust medium reduced drastically, but not so much for those of the vp2/
vp3/mnp3/mnp6/lac2 mutants and the quadruple mutant strain. The
sextuple-gene mutants also barely degraded lignin in Japanese Cedar
wood sawdust and milled rice straw. Thus, this study presented evidence
that the LMEs, especially MnPs and VPs, play a crucial role in the degrada-
tion of natural lignin by P. ostreatus for the first time.

INTRODUCTION

Lignocellulosic biomass has received extensive atten-
tion as a renewable organic resource as it offers an
alternative to fossil resources. Each major component/
polymer (cellulose, hemicellulose, and lignin) can be
processed into various chemicals, including biofuels,
bioplastics, and carbon fibre composites (Mainka
et al., 2015; Ragauskas et al., 2014; Rosenboom
et al., 2022). Extensive efforts have also been made to

produce biofuels economically (Keasling et al., 2021;
Khan et al., 2018), which would be important in energy
security and sustainable development. However, ligno-
cellulose is complex: for example, lignin and hemicellu-
lose are linked by covalent bonds (Nishimura
et al., 2018; Watanabe & Koshijima, 1988). This facili-
tates efficient and eco-friendly isolation of each compo-
nent to be used for difficult processing, especially
polysaccharides (cellulose and hemicellulose) isolation
by removing lignin from wood biomass. Biological pre-
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treatment using microorganisms or enzymes is an eco-
friendly method for delignification. However, unlike
polysaccharides, the lignin-degrading abilities of most
microbes are limited (Cragg et al., 2015).

White-rot fungi, which belong to the class Agarico-
mycetes, efficiently decompose lignin in wood biomass
and other lignocellulosic components. Therefore, eluci-
dating the underlying lignin-degrading mechanisms
would contribute to developing efficient methods for lig-
nin removal. Generally, it was thought that lignin degra-
dation by white-rot fungi consists of the following three
steps: depolymerization by extracellular enzymes,
transportation of the degraded lignin fragments into
hyphal cells, and metabolism/mineralization to produce
adenosine triphosphate (del Cerro et al., 2021;
Hatakka, 1994). The first step, depolymerization by
white-rot fungi, is considered to be initiated by extracel-
lular lignin-modifying enzymes (LMEs), including man-
ganese peroxidases (MnPs; EC1.11.1.13), versatile
peroxidases (VPs; EC1.11.1.16), lignin peroxidases
(LiPs; EC1.11.1.14), and laccases (Lacs; EC1.10.3.2)
based on the fact that they oxidize lignin model com-
pounds and depolymerize synthetic lignin, including
dehydrogenase polymer lignin, in vitro (Eggert
et al., 1996; Higuchi, 2004; Kondo et al., 1990). How-
ever, these model compounds are low-molecular
weight and water-soluble chemicals. Synthetic lignin
has a relatively simple structure composed of a single
building block. Natural lignin has water insoluble, more
complex, recalcitrant, and composite structures con-
nected or associated with other polymeric components
in the plant cell wall. To date, no report indicates that
LMEs are involved in natural lignin degradation by
white-rot fungi. Thus, the actual mechanism for the bio-
degradation of natural lignin remains unclear using
enzymological and biochemical analyses. Apart from
this difficult situation, MnPs, VPs, and LiPs are still con-
sidered key players in lignin degradation because
genes encoding these three kinds of enzymes are pre-
sent in the genomes of white-rot fungi but not in other
fungi with different ecological classifications, including
brown-rot fungi that efficiently decompose cellulose but
not lignin in lignocellulose (Arantes & Goodell, 2014;
Floudas et al., 2012; Kersten & Cullen, 2014). More-
over, differential expression of LMEs (or LME-encoding
genes) was repeatedly reported on wood sawdust
media or solid wood substrates (Fern�andez-Fueyo,
Castanera, et al., 2014; Miyauchi et al., 2017).

Analysing the lignin-degrading abilities of mutants
that lack the function/activity of the LME(s) is an effec-
tive strategy for examining whether the enzymes are
involved and play an important role in (or essential for)
lignin degradation. Recently, molecular genetics stud-
ies on lignin degradation have been conducted in the
white-rot fungus Pleurotus ostreatus in which reliable
and efficient genetic transformation and the gene-
targeting system were reported (Honda et al., 2000;

Matsunaga et al., 2017; Salame et al., 2012). As in
almost all white-rot fungi, not single but multiple copies
of LME-encoding genes are predicted in the genome of
P. ostreatus PC9 (3 vps, 6 mnps, and 10 lacs; Knop
et al., 2015; Suetomi et al., 2015; Table 1). Some P.
ostreatus mnp/vp were disrupted separately, and the
phenotypes of the single-gene deletants were ana-
lysed. However, the ability of the mnp3 or vp1 deletants
to decolor Orange II, a model compound, to examine
Mn2+-dependent peroxidase in P. ostreatus (Salame
et al., 2010) was slightly reduced (Salame et al., 2012,
2013). Furthermore, the vp2 deletant exhibited a
slightly reduced lignin-degrading ability compared with
its parental strain, although vp2 was predominantly
expressed on the solid-state cotton stalk medium and
Beech (Fagus crenata) wood sawdust media (BWS) at
the transcription level (Nakazawa, Izuno, Horii,
et al., 2017; Salame et al., 2014). These studies con-
cluded that these LMEs are dispensable and not impor-
tant, or some additional enzymes and/or mechanisms
may play an important role(s) in lignin degradation by
the fungus. Considering the broad range of substrates
for LMEs and the involvement of the mediators for the
radical oxidation (Adinarayana, 1995; Harvey
et al., 1986; Kirk & Farrell, 1987; Marzullo et al., 1995;
Pointing, 2001), it is plausible that each LME does not

TAB L E 1 List of Pleurotus ostreatus mnp, vp, and lac genes.

Gene (previous designations)a,b Protein IDc

vp1 (mnp4) 116738

vp2 (mnp2) 60432

vp3 (mnp5) 123383

mnp1 (mnp1) 115087

mnp2 (mnp9) 61491

mnp3 (mnp3) 51690

mnp4 (mnp7) 121638

mnp5 (mnp6) 52120

mnp6 (mnp8) 51713

lac1 90578

lac2 116143

lac3 123288

lac4 65894

lac6 81104

lac7 60400

lac9 81107

lac10 81117

lac11 90573

lac12 90834

aCurrent (previous) designations of the Pleurotus ostreatus mnp/vp genes as
described by Knop et al. (2015).
bPezzella et al. (2014) and Ursula Kües annotated lac5 as a ferroxidase-
encoding gene. The lac8 gene is missing in the genome of PC9.
cThe genome database of strain PC9 (https://genome.jgi.doe.gov/PleosPC9_1/
PleosPC9_1.home.html).
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play a distinct role and that their function in lignin degra-
dation is redundant. Nakazawa, Izuno, Kodera, et al.
(2017), Nakazawa et al. (2019), Wu, Nakazawa, Mori-
moto, et al. (2021), Wu, Nakazawa, Xu, et al. (2021)
identified transcriptional regulator-encoding genes in
which single-gene mutations extremely reduced the
lignin-degrading ability of P. ostreatus on BWS and
milled rice straw medium (RS). Mn2+-dependent perox-
idase (MnP) activities and mnp/vp transcript accumula-
tion were reduced greatly in these strains (Wu
et al., 2020). However, it remains unclear whether the
inactivation of MnPs and VPs (mnps and vps) causes
the defects in wood lignin degradation by these mutant
strains.

Therefore, it is necessary to generate and analyse
multiple mnp/vp/lac deletants to address the long-
standing issue: Are they important/essential in the deg-
radation of lignin in natural lignocellulose by P. ostrea-
tus? An efficient plasmid-based CRISPR/Cas9 was
recently established in the fungus (Boontawon, Naka-
zawa, Horii, et al., 2021; Boontawon, Nakazawa, Inoue,
et al., 2021). Using this technique, multiple-gene
mutants can be obtained in one transformation experi-
ment by expressing different sgRNAs concomitantly
(Xu et al., 2022). In this study, we generated multiple-
gene mutants of mnp/vp/lac and examined/compared

their wood lignin-degrading abilities to examine whether
the LMEs play a dispensable role in wood lignin degra-
dation by P. ostreatus.

EXPERIMENTAL PROCEDURES

Strains, culture conditions, and genetic
techniques of P. ostreatus

The P. ostreatus strains used in this study are listed in
Table 2. Yeast and malt extracts with glucose (YMG)
medium (Rao & Niederpruem, 1969) solidified with 2%
(wt/vol) agar in 9-cm and 4-cm Petri dishes were used
for routine cultures. The cultures were maintained at
28�C under continuous darkness unless stated other-
wise. The P. ostreatus strain PC9 (Table 2) was trans-
formed using protoplasts prepared from mycelial cells
as described by Salame et al. (2012). In this study, we
excluded heparin and single-stranded lambda DNA.

To prepare the extracted substrate for BWS, a mix-
ture of sawdust (100 g) and wheat bran (6 g) was first
extracted using toluene and ethanol (450 mL; 2:1 vol/
vol) for 1 h at 80�C four times. Then, 6 mL of tap water
was added to a 6-cm glass plate containing the 2 g of
extracted substrate to prepare BWS-I. Wheat bran was

TAB LE 2 The Pleurotus ostreatus strains used in this study.

Strain Genotype/descriptiona,b Source

PC9 A2B1 Larraya et al.
(1999)

20b A2B1 ku80::CbxR Salame et al.
(2012)

Δvp2c A2B1 ku80::CbxR vp2::hph Salame et al.
(2012)

vp2vp3d#1 A2B1 ku80::CbxR vp2::hph vp3::bar This study

vp2vp3mnp3mnp6m#1 A2B1 hygR/a quadruple mutant of the indicated genes derived from PC9 This study

vp2vp3mnp3mnp6m2#1 A2B1 hygR BFR/a quadruple mutant of the indicated genes derived from
vp2vp3mnp3mnp6m#1d

This study

vp2vp3mnp3mnp6m2#2 A2B1 hygR BFR/a quadruple mutant of the indicated genes derived from
vp2vp3mnp3mnp6m#1d

This study

vp2vp3mnp2mnp3mnp6m#1 A2B1 hygR BFR/a quintuple mutant of the indicated genes derived from
vp2vp3mnp3mnp6m#1

This study

vp2vp3mnp2mnp3mnp6m#2 A2B1 ku80::CbxR rho1b::hph/a rho1b disruptant derived from 20b This study

vp2vp3mnp3mnp6lac2m#1 A2B1 hygR BFR/a quintuple mutant of the indicated genes derived from
vp2vp3mnp3mnp6m#1

This study

vp2vp3mnp3mnp6lac2m#2 A2B1 hygR BFR/a quintuple mutant of the indicated genes derived from
vp2vp3mnp3mnp6m#1

This study

vp2vp3mnp2mnp3mnp6lac2m#1 A2B1 hygR BFR/a sextuple mutant of the indicated genes derived from
vp2vp3mnp3mnp6m#1

This study

vp2vp3mnp2mnp3mnp6lac2m#2 A2B1 hygR BFR/a sextuple mutant of the indicated genes derived from
vp2vp3mnp3mnp6m#1

This study

aCbxR and bar indicate the carboxin and bialaphos resistance gene, respectively (Honda et al., 2000; Matsunaga et al., 2017).
bhygR and BFR indicate resistance to hygromycin and bialaphos conferred by introducing CRISPR/Cas9 plasmids, respectively.
cFormerly, it was designated as Δmnp2 because vp2 was previously called mnp2.
dNeither mnp2 nor lac2 mutation was introduced by the bialaphos resistance transformation.
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mixed with BWS to enhance ligninolytic enzyme pro-
duction (Pickard et al., 1999; Tsukihara et al., 2006).
BWS-II (1.9 g of unextracted substrate, 0.1 g of unex-
tracted wheat bran, and 6 mL of tap water) and BWS-III
(4.1 g of unextracted substrate, 0.3 g of unextracted
wheat bran, and 10.6 mL of tap water) were also used
in this study.

To prepare the extracted substrates for Cedar
(Cryptomeria japonica) wood sawdust mediea (CWS)
and RS, Cedar sawdust (50 g), rice straw (50 g), and
wheat bran (50 g) were separately extracted using tolu-
ene and ethanol (2:1 vol/vol; 300 mL) for 1 h at 80�C
five, four, and five times, respectively. The CWS and
RS composition are as follows: 1.9 g of extracted
Japanese cedar sawdust, 0.1 g of extracted wheat
bran, 6 mL of tap water; 0.95 g of extracted rice straw,
0.05 g of extracted wheat bran, and 3 mL of tap water
(in each 6-cm glass plate).

Beech wood sawdust, Japanese cedar sawdust,
rice straw, and wheat bran used in this study were pur-
chased from Shinkoen (Gifu, Japan), Shinkoen, Honda
nojo (Ishikawa, Japan), and Nisshin Seifun (Tokyo,
Japan), respectively. They included moisture because
they were stored at 4�C or room temperature. The saw-
dust and rice straw used to prepare BWS-II, BWS-III,
CWS, and RS were subject to size-fractionation (250–
500 μm), whereas that used to prepare BWS-I was not
(almost all the particles were smaller than 2 mm).
These solid cultures were stationarily maintained at
28�C under continuous darkness.

RNA-seq and quantitative reverse
transcription-polymerase chain reaction

Each P. ostreatus strain was grown on BWS-I, followed
by total RNA extraction using the FastGene RNA Pre-
mium kit (NIPPON Genetics, Tokyo, Japan). RNA-seq
and bioinformatics analysis were performed as
described by Wu, Nakazawa, Morimoto, et al. (2021)
and Wu, Nakazawa, Xu, et al. (2021), except that tran-
scripts per million (TPM) values were calculated/used
to compare transcriptional expression levels.

Reverse transcription and quantitative polymerase
chain reaction (PCR) using real-time PCR were per-
formed as described by Nakazawa et al. (2019) and
Pfaffl (2001). RNA-seq data and primer pairs used to
amplify cDNA fragments and their amplification efficien-
cies are given in Tables S2 and S3, respectively.

To perform quantitative reverse transcription-PCR
(qRT-PCR) using the droplet digital PCR system
QX200 (Biorad, California), each sample (1 ng [or 4 ng]
of total RNA from 20b grown on BWS [CWS and RS]
for 13 and 20 days) was reverse-transcribed using the
PrimeScript RT kit (Takara, Shiga, Japan), followed by
droplet generation, the PCR reaction, and droplet read-
ing according to manufacture instructions. The ddPCR
Supermix for Probe (no dUTP; Biorad, California)

served as the PCR master mix. Primers and probes
used for the digital PCR are given in Tables S3 and S4.

Design of sgRNAs targeting each mnp/vp

The different sgRNA sequences used to target vp3,
mnp2, mnp3, mnp6, and lac2 were designed as
described by Boontawon, Nakazawa, Horii, et al.
(2021) and Boontawon, Nakazawa, Inoue, et al. (2021).
The targeting vp2 was designated by Xu et al. (2022).

Plasmid construction

The plasmid for disrupting the vp3 gene (Protein ID:
123383; Table 1) was constructed as previously
described by Nakazawa and Honda (2015). Briefly, a
genomic fragment (Scaffold_2:3,245,049–3,248,856 in
the genome database of P. ostreatus strain PC9),
amplified by PCR using the primer pair TN193/TN196
(Table S1), was cloned into pBluescript II KS+ digested
with EcoRV. Inverse PCR was performed using the
resulting plasmid as a template with the primer pair
TN194/TN195. A DNA fragment containing the
bialaphos-resistance gene, bar, was also amplified,
with pZeroAct_ppBRA (Matsunaga et al., 2017) serving
as a template with the primer pair M13F/M13R. The
resulting two DNA fragments were fused using the
GeneArt Seamless Cloning and Assembly kit (Life
Technologies, California) to yield a plasmid containing
the vp3-disrupting cassette.

The four different plasmids used to introduce a
single-gene mutation in vp2, vp3, mnp3, or mnp6 were
constructed as described by Boontawon, Nakazawa,
Horii, et al. (2021) and Boontawon, Nakazawa, Inoue,
et al. (2021). Briefly, the double-stranded DNA contain-
ing the sgRNA sequence targeting each mnp/vp, pre-
pared by annealing two DNA oligonucleotides (primers
YF37/YF38 [vp2], YF43/YF44 [vp3], YF29/YF30
[mnp3], and YF35/YF36 [mnp6]), was separately
inserted into the BsaI site of the linearized.

pCcPef3-126 vector (Boontawon, Nakazawa, Horii,
et al., 2021; Boontawon, Nakazawa, Inoue, et al., 2021;
from Prof. Osakabe, Tokushima University) using the
Golden Gate assembly (Engler et al., 2008). The target
sites are 258–278(�), 487–506(+), 135–154(+), and
286–305(+) from their hypothesized start codons. The
sgRNA insertion into the plasmids was verified using
Sanger sequencing. The resulting plasmids were
named pCcPef3-126-vp2, pCcPef3-126-vp3,
pCcPef3-126-mnp3, and pCcPef3-126-mnp6, respec-
tively. It was confirmed that a mutation in each mnp/vp
was frequently (75%–100%) introduced into the hygro-
mycin B-resistant strains transformed with each plas-
mid (Xu et al., 2022; data not shown).

To replace the hph (the hygromycin B resistance
gene) cassette in pCcPef3-126 with the bar cassette

1912 NAKAZAWA ET AL.
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from pFNCB (Nguyen et al., 2020), inverse PCR was
performed using pCcPef3-126 as a template with the
primer pair TK9/TK10, followed by fusion with the frag-
ment amplified from pFNCB with YN1/TK15 using the
NEBuilder Hi-Fi DNA Assembly Cloning Kit (New
England Biolabs, Massachusetts). The resulting plasmid
was designated as pCcPef3-127. The two plasmids
used to introduce a single-gene mutation in mnp2 or
lac2 were constructed as described above using the
Golden Gate assembly and DNA oligonucleotides YF91/
YF92 (mnp2) and IY20/IY21 (lac2). The target sites are
1286–1306(�) and 170–189(�) from their start codons.
The resulting plasmids were named pCcPef3-127-mnp2
and pCcPef3-127-lac2, respectively.

To construct the pCcPef3-126-based plasmids con-
taining two expression cassettes of two different
sgRNAs, inverse PCR was conducted using
pCcPef3-126-mnp3 (A) and pCcPef3-126-mnp6 (B) with
IY2/IY3, separately. The sgRNA-expressing cassettes
of vp2 (C) and vp3 (D) and the P. ostreatus u6a pro-
moter (Xu et al., 2022; Scaffold_9:233,432–233,925)
(E) were also amplified from pCcPef3-126-vp2,
pCcPef3-126-vp3, and the PC9 genome with IY6/IY5,
IY7/IY5, and IY8/IY9, respectively. The three fragments,
(A) (C) (E) or (B) (D) (E), were fused using the NEB-
uilder Hi-Fi DNA Assembly Cloning Kit (New England
Biolabs, Massachusetts). The resulting plasmids were
designated as pCcPef3-126-mnp3vp2 and pCcPef
3-126-mnp6vp3. Similarly, the expression cassette for
sgRNA targeting lac2 amplified from pCcPef3-127-lac2
using IY29/IY5, the inverse PCR product from
pCcPef3-127-mnp2 (IY2/IY3), and (E) were fused to
construct pCcPef3-127-based plasmids containing two
expression cassettes of two different sgRNAs targeting
mnp2 and lac2, which was designated as
pCcPef3-127-mnp2lac2.

Genomic PCR

Rapid colony PCR was conducted to verify gene muta-
tions as described by Boontawon, Nakazawa, Horii,
et al. (2021) and Boontawon, Nakazawa, Inoue, et al.
(2021). The EmeraldAmp PCR Master Mix (Takara,
Shiga, Japan) and the KDO FX Neo (TOYOBO, Tokyo,
Japan) were used in this study. The PCR conditions
were as follows: 35 cycles at 95�C (30 s), 55�C (30 s),
and 72�C (60 s) for the EmeraldAmp; one cycle at 95�C
(2 min) for initial denaturation, 35 cycles at 98�C (15 s),
58�C (30 s), and 68�C (30 s).

Southern blot analysis

Genomic DNA was extracted from each strain via the
cetyl trimethyl ammonium bromide method as
described by Muraguchi et al. (2003) and Zolan and
Pukkila (1986). The extracted DNA (�3 μg) was subject

to Southern blot analysis as described by Nakazawa
et al. (2023). Restriction enzymes to digest genomic
DNA and primers to amplify a genomic fragment for a
probe were XhoI and TN1022/TN1023 (vp2), PstI and
TN1422/TN1423 (vp3), HindIII and BamHI, and
TN1426/TN1427 (mnp2), XhoI and TN1430/TN1431
(mnp3), XhoI and TN1424/TN1425 (mnp6), XhoI and
TN1428/TN1429 (lac2), respectively.

Quantification of ergosterol

Each P. ostreatus strain was grown on BWS-I for
20 days, followed by freeze-drying. The total weight of
each sample (freeze-dried BWS containing hyphal
cells) was measured. Each sample (�0.5 g) was imme-
diately maintained at 55�C for 24 h to dry out, and the
weight was measured. Then, it was incubated in 7 mL
1N KOH (90:10[vol/vol], methanol: pure water) for 2 h at
80�C. The resulting sample (600 μL) was subject to
extraction using an equal volume of hexane thrice. Cho-
lesterol (Fujifilm, Tokyo, Japan) was added as the inter-
nal standard, followed by solvent removal using a rotary
evaporator. The sample was dissolved in chloroform
and acetonitrile (1:1, vol/vol). A reversed-phase high-
performance liquid chromatography (HPLC) analysis
was conducted using Aqua 5-μm C18 125A (4.6 mm i.
d. � 250 mm; Phenomenex, Torrance, California). The
solvents for isocratic elution were acetonitrile, hexane,
and isopropanol (89:10:1, vol/vol). Ergosterol and cho-
lesterol were monitored at 210 and 280 nm, respec-
tively, using the photodiode array detector SPD-M20A
(Shimadzu, Kyoto, Japan). The amount of ergosterol in
each sample was calculated using the standard curve
generated via quantitative analyses of the ergosterol
standard (Fujifilm, Tokyo, Japan). Based on these data,
the total ergosterol in each plate was calculated to esti-
mate fungal biomass. In this study, the ergosterol con-
tent in fungal biomass (mycelial cells) of P. ostreatus
(1.32% [wt/wt]) was determined, as shown in Figure S7.

Assay for extracellular enzyme activity

Each P. ostreatus strain was grown on BWS-I for
13, 20, and 30 days, followed by the assay for extracel-
lular Mn2+-dependent and H2O2-dependent phenol oxi-
dase (MnP) activity using 2-methoxyphenol (Wako,
Tokyo, Japan) as a substrate according to Kamitsuji
et al. (2004) and Nakazawa, Izuno, Kodera, et al.
(2017). MnP activity was calculated by subtracting the
activity determined in the presence of H2O2 from that in
the presence of MnSO4 and H2O2.

The extracellular cellobiosidase activity was esti-
mated using 4-nitrophenyl β-D-cellobioside (Tokyo
Chemical Industry, Tokyo, Japan) in this study. In this
experiment, 50 μL of supernatant containing extracellu-
lar enzymes (with or without boiling at 95�C for 15 min)
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and 5 μL of 10 mM of each substrate (50% [vol/vol]
dimethyl sulfoxide, DMSO) were mixed and incubated
at 37�C for 1 h, followed by adding 150 μL of 1 M
Na2CO3. Absorbance at 405 nm of each boiled sample
was subtracted from the non-boiled sample to calculate
and compare the 4-nitrophenol released from each
substrate (molar absorptivity is 18,500). The absor-
bance was measured using Multiskan GO (Thermo
Fisher, Massachusetts).

Quantification of Klason lignin

Each P. ostreatus strain was grown on BWS-II (BWS-
III) for 20 and 30 days (18 and 28 days), followed by
solvent extraction using toluene and ethanol (2:1, vol/-
vol) as described by Nakazawa et al. (2019). The resid-
ual amount of Klason lignin (acid insoluble) contained
in each BWS solution after cultivation of the P. ostrea-
tus strains was quantified as previously described by
Ritter et al. (1932). To compare the lignin degradation
selectivity among the P. ostreatus mutants, changes in
the lignin composition (percentage) of lignin contained
in BWS-II were also calculated and compared.

Each strain was also grown on CWS and RS for
30 days to quantify the Klason lignin. In this case, sol-
vent extraction after cultivation was conducted using
acetone for 30 min twice at room temperature.

RESULTS

Identification of mnp/vp/lac genes highly
expressed in P. ostreatus 20b

We previously performed RNA-sequencing (RNA-seq)
on P. ostreatus 20b grown on the beech wood sawdust

medium I (BWS-I) for 13 days to analyse its transcrip-
tional expression pattern (Wu et al., 2020). In this study,
RNA-seq was further conducted at 20-day and 28-day
culture periods to analyse the time-course expression
of each mnp/vp/lac. As shown in Figure 1, the sum of
the TPM values of vp2 and vp3 accounted for 78%–

81%, 70%–74%, and 50%–51% of the total TPM of the
19 mnp/vp/lac at the 13-day, 20-day, and 28-day culture
periods, respectively. Those of vp2, vp3, and mnp3
accounted for 85%–86%, 85%–89%, and 82%–83% at
the 13-day, 20-day, and 28-day culture periods, respec-
tively. This result suggests that VP2 and VP3 are major
LMEs under this culture condition at the 13-day and
20-day periods, whereas VP2, VP3, and MnP3 are at
the 28-day ones. MnP2, Mnp6, and Lac2 are also possi-
bly expressed somewhat, whereas the others are hard.

The lignin-degrading ability of a
P. ostreatus vp2/vp3 double-gene deletant
was not reduced

Considering the time-course transcriptional expression
level of P. ostreatus mnp/vp/lac, we first examined the
possibility that vp2/vp3 double-gene deletion causes
defects in lignin degradation on BWS. Therefore, we
transformed the Δvp2 strain (Table 2; Salame
et al., 2012) using a plasmid containing a vp3-
disrupting construct and isolated bialaphos-resistant
strains. Genomic PCR experiments showed that the
vp3 gene was replaced with the bar gene in one trans-
formant (Figure 2A,B). Therefore, we concluded that
this strain was vp2/vp3 double-gene deletant desig-
nated as vp2vp3d#1 (Table 2).

To examine whether vp2/vp3 double-gene deletion
reduces the lignin-degrading ability, 20b and vp2vp3d#1
were grown on BWS-III, followed by quantifying/

F I GURE 1 Time-course transcriptional expression pattern of mnp/vp/lac genes in the Pleurotus ostreatus 20b strain on beech wood
sawdust medium-I analysed using RNA-seq. (A) Transcripts per million (TPM) value of each gene at 13-day, 20-day, and 28-day culture periods.
The graphs and bars represent the average and standard deviations, respectively (n = 2). (B) Diagrams showing the percentage of TPM value of
each gene at each culture period.
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comparing the amount of Klason lignin. As shown in
Figure 2C, the decreased amount of Klason lignin in the
medium after growing the double-gene deletants was
similar to that after growing its parental control, 20b
(vp2+vp3+). This result suggests that the lignin-
degrading ability of P. ostreatus on BWS is not reduced
by the vp2/vp3 double-gene deletion.

Isolation and characterization of vp2/vp3/
mnp3/mnp6 quadruple-gene mutant

To examine whether additional multiple mnp/vp muta-
tions cause defects in lignin degradation, CRISPR/
Cas9 was used instead of homologous recombination
due to the limited transformation markers available in
P. ostreatus. Based on the transcriptional expression
level of each mnp/vp/lac (Figure 1), we selected mnp3
and mnp6, combined with vp2 and vp3, as targets. To
generate the quadruple-gene mutants, plasmids
pCcPef3-126-mnp3vp2 and pCcPef3-126-mnp6vp3
(see Experimental procedures section) were co-
introduced into PC9 (Table 2), which resulted in
33 hygromycin-B-resistant transformants.

Next, we examined whether a mutation was intro-
duced into each of the four genes (vp2, vp3, mnp3, or
mnp6) in each transformant using genomic PCR experi-
ments. Our previous studies showed that the introduced
plasmid(s) were often integrated at the target site of
sgRNA in some of the P. ostreatus mutants obtained

from the pCcPef3-126-based CRISPR/Cas9
(Boontawon, Nakazawa, Horii, et al., 2021; Boontawon,
Nakazawa, Inoue, et al., 2021; Koshi et al., 2022;
Yamasaki et al., 2022). This usually caused insufficient
amplification from the mutants with large insertions due
to the requirement of a longer extension time than the
fragment amplified from the parental control strain. In
this study, we aimed to screen such insertional mutants
as the size of the PCR-amplified fragment can be easily
distinguished between mutants and the parental control
using conventional genomic PCR experiments. There-
fore, primer pairs IY14/IY15 (vp2), IY16/IY17 (vp3),
IY10/IY11 (mnp3), and IY12/IY13 (mnp6) were used
separately (Figure 3A). Genomic fragments of the par-
tial open reading frames (ORFs) of vp2 (172 bp), vp3
(213 bp), mnp3 (142 bp), and mnp6 (171 bp) containing
the target sequences of sgRNA are expected to be
amplified from PC9 when using the respective primer
pairs (Scaffold 8:637,034–637,205, 2:3,247,277–
3,247,489, 3:1,767,759–1,767,900, and 3:2,545,517–
2,545,687 in the Joint Genome Institute (JGI) genome
database of P. ostreatus PC9, respectively; http://
genome.jgi.doe.gov/PleosPC9_1/PleosPC9_1.home.
html). As shown in Figure 3A, all four expected frag-
ments were amplified from the PC9 strain but not from
one transformant (Lane 4 in Figure 3A), when the Emer-
aldAmp Max was used. These results suggest that this
strain is a vp2/vp3/mnp3/mnp6 quadruple mutant.

In Figure 3A, the band observed in Lane 4 (vp2
IY14/IY15) was re-amplified using the KOD FX Neo.

F I GURE 2 Generation and analysis of the vp2vp3 double-gene deletant (vp2vp3d#1) derived from the vp2 single-gene deletant (Δvp2)
using homologous recombination. (A) A diagram of the genomic locus of Pleurotus ostreatus vp3. Black arrows indicate the primers used for the
polymerase chain reaction (PCR) amplification. (B) Genomic PCR experiments confirming the vp3 deletion in the double-gene deletants. Primers
used in each PCR experiment are shown in (A). The expected size of each PCR-amplified genomic fragment was indicated. (C) The ability of the
vp2vp3d#1 strain to degrade lignin on beech wood sawdust medium (BWS)-III. The indicated strains, the double-gene deletant and its parental
control 20b, were grown on BWS-III for 18 and 28 days. The decreased amount of Klason lignin was compared with that in the No-fungus control
plate (onto which P. ostreatus had not been inoculated). The graphs and bars represent average and standard deviations, respectively (n = 2 for
18-day samples; n = 3 for 28 days ones). ‘ns’ indicates statistical non-significance (p > 0.05) when statistical significance tests were performed
against the parental control (at 28-day period) using a two-tailed equal variance t-test.
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The about 3 kb fragment was also PCR-amplified from
the possible quadruple-gene mutant when the KOD FX
Neo (instead of the EmeraldAmp Max) was used with
IY10/IY11 (data not shown). These PCR-amplified frag-
ments were longer than that from PC9 (172 and
142 bp), suggesting that a portion of the plasmid
sequences was integrated at the sites of the sgRNAs
targeting vp2 and mnp3. As shown in Figure 3B, this
hypothesis was confirmed/proved via DNA sequencing
of these two PCR-amplified fragments with IY14 and
IY10, respectively. With the assumption that insertional
mutations had also been introduced at the sgRNA tar-
get sites of vp3 and mnp6 of the possible quadruple
mutant, we further performed genomic PCR to identify
the vp3 and mnp6 mutations. The fragments were
PCR-amplified with TN46/IY17 (vp3) and CI81/IY37
(mnp6). These fragments were subject to DNA
sequencing with IY17 (vp3) and IY37 (mnp6), which
revealed insertional mutations (Figure 3B).

In addition, we performed Southern blot analyses to
ensure the quadruple gene mutation in the strain corre-
sponding to Lane 4 of Figure 3A. As shown in
Figure S1, the observed sizes of the detected band
were different between this strain and its parental
strain, PC9, when each probe for vp2, vp3, mnp3, or
mnp6 was hybridized with the genomic fragments
digested with each restriction enzyme indicated in
Figure S1. These results are not inconsistent with the
idea that insertional mutations have been introduced.
Altogether, we concluded that this strain (Lane 4 in
Figure 3A) is a vp2/vp3/mnp3/mnp6 quadruple-gene
mutant; therefore, it was designated as
vp2vp3mnp3mnp6m#1 (Table 2).

To compare the hyphal growth rate between the
vp2vp3mnp3mnp6m#1 strain and the parental control
PC9, they were grown on YMG agar plates for 9 days
to measure the colony diameter of each strain. As
shown in Figure 4A, a significance (p < 0.05) was
observed. However, the difference was minimal. Next,
the amount of ergosterol contained in BWS-I, growing
each strain for 20 days, was quantified to compare fun-
gal biomass (Niemenmaa et al., 2008), reflecting the
hyphal growth rate under this culture condition. As
shown in Figure 4B, the amount per plate when the
quadruple-gene mutant was cultured for 20 days was
significantly (�31%) smaller than when PC9 was cul-
tured. This result suggests that the mutant growth rate
is lower than the parental control on BWS-I.

Next, to examine the effects of vp2/vp3/mnp3/mnp6
quadruple-gene mutation on wood lignin degradation,
PC9 and vp2vp3mnp3mnp6m#1 were grown on BWS-I
and BWS-II, followed by the comparison of extracellular
enzyme activities and the decreased amount of Klason
lignin. As shown in Figure 4C,D, Mn2+-dependent per-
oxidase (MnP) activity, which is mediated by both MnPs
and VPs that oxidize Mn2+ to Mn3+ (Gold &
Glenn, 1988; Knop et al., 2015; Ruiz-Dueñas
et al., 1999; Salame et al., 2012), was almost lost in the
quadruple mutant. In contrast, the extracellular cellobio-
sidase activity (hydrolyzation of 4-nitrophenyl β-D-cello-
bioside) was slightly higher in the mutant than in the
parental control. Regarding lignin degradation in BWS-
II, ‘Lignin loss’ (Figure 5A) was slightly lower in
vp2vp3mnp3mnp6m#1 than in PC9, with significance at
both the 20-day and 30-day periods. This result sug-
gests that the quadruple-gene mutant degrades lignin in

F I GURE 3 Identification of the vp2/vp3/mnp3/mnp6 quadruple-gene mutant. (A) Examples of genomic polymerase chain reaction (PCR)
experiments using the EmeraldAmp to examine mutations in the indicated genes using the indicated primer pairs. Lane WT, the parental strain
PC9 as a positive control; Lane NC, a negative control reaction into which genomic DNA was excluded; Lanes 1–6, obtained 6 out of a total of
33 transformants; Lane M, a 1 kb DNA ladder. (B) Identification of insertional mutations in vp2, vp3, mnp3, and mnp6 of the quadruple mutants.
For highlights in the nucleotide sequence: yellow shades indicate sgRNA, purple shades indicate PAM sequence and blue shades indicate
plasmid sequence.
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BWS-II lesser than in PC9. Furthermore, ‘Composition
change’ (Figure 5B) was compared between the two
strains. When this value (composition change) is nega-
tive, such as Lane 1 (PC9), lignin may be degraded
more than polysaccharides (cellulose and hemicellu-
lose). In a positive case, polysaccharides may be
degraded more than lignin. Thus, the selectivity of lignin
degradation may be estimated/compared, although
apparent lignin content may be slightly affected by fun-
gal biomass weight in BWS-II. Based on the results
(Lanes 1 and 2 of Figure 5B), the amount of polysac-
charide degraded by the quadruple-gene mutant may
not be proportionally reduced to that of lignin.

Isolation of quintuple and sextuple mnp/
vp/lac mutants

Quintuple-gene and sextuple-gene mutants were gen-
erated to examine the lignin-degrading abilities of fur-
ther additional multiple-gene mutants. Based on the
RNA-seq data, mnp2 and lac2 were selected as the
genes to be mutated, with vp2, vp3, mnp3, and mnp6.
Plasmid pCcPef3-127-mnp2, pCcPef3-127-lac2, or
pCcPef3-127-mnp2lac2 were separately introduced

into the vp2vp3mnp3mnp6m#1 strain, and bialaphos-
resistance transformants were obtained. As in the case
of screening for the quadruple-gene mutant, genomic
PCR was conducted using YF135/YF136 (mnp2;
872 bp) and IY24/IY25 (lac2; 494 bp; Scaffold
9:33,523–34,394 and 5:1,079,197–1,079,690, respec-
tively). NO88/NO99, which amplifies a 752-bp genomic
fragment from the ORF of the gene corresponding to
Protein ID 64849 in the JGI genome database, also
served as a positive control. When pCcPef3-127-mnp2
or pCcPef3-127-lac2 was introduced, a single-gene
mutation in mnp2 or lac2 was suggested to be intro-
duced into eight (Lanes 1, 2, 3, 5, 6, 7, 8, and 9 in
Figure S2) and two (Lanes 2 and 10 in Figure S3) out
of the obtained nine and eight transformants, respec-
tively. Double-gene mutations in mnp2 and lac2 were
also suggested to be introduced into 6 (Lanes 3, 9,
12, 13, 15, and 17 in Figure S4) out of the obtained
18 strains transformed with pCcPef3-127-mnp2lac2.
Southern blot analyses also supported mnp2 and lac2
mutations in the two possible sextuple gene mutations
(Figure S5). Based on these results, six strains used to
examine the lignin-degrading abilities (two vp2/vp3/
mnp2/mnp3/mnp6, two vp2/vp3/mnp3/mnp6/lac2, and
two vp2/vp3/mnp2/mnp3/mnp6/lac2 mutants indicated

F I GURE 4 Hyphal growth rates and extracellular enzyme activities of the Pleurotus ostreatus vp2/vp3/mnp3/mnp6 quadruple-gene and vp2/
vp3/mnp2/mnp3/mnp6/lac2 sextuple-gene mutants on yeast and malt extracts with glucose (YMG) agar plate and beech wood sawdust medium
(BWS)-I. (A) Hyphal growth rates of the indicated strains (1, the parental control PC9; 2, vp2vp3mnp3mnp6m#1;
3, vp2vp3mnp2mnp3mnp6lac2m#1; 4, vp2vp3mnp2mnp3mnp6lac2m#2) grown on YMG agar plate. Hyphal growth represents the diameter of
colonies 9 days after inoculation. The graphs and bars represent the average and standard deviations, respectively (n = 3). (B) Quantification of
ergosterol in BWS-I growing each strain at 20-day culture period (n = 3). ‘Fungal biomass’ indicates the amount (weight) of freeze-dried mycelial
cells in each plate calculated based on the standard curve in Figure S7A. (C) MnP activity of the indicated strains grown on BWS-I for 13 and
20 days (substrate is 2-methoxyphenol). The graph and bars represent the average and standard deviations, respectively (n = 3). One unit of
activity for guaiacol oxidation was defined as the amount of enzyme that increased the absorbance at 465 nm by 1.0 per minute (D) Hydrolase
activities of the indicated strains when 4-nitrophenyl β-D-cellobioside served as a substrate. The graph and bars represent the average and
standard deviations, respectively (n = 3). One unit was defined as the amount of enzyme that released 1-μmol 4-nitrophenol per hour. Statistical
significance tests between the parental PC9 and the quadruple-gene mutant (or between the quadruple-gene and the sextuple-gene mutants)
were conducted using a two-tailed equal variance t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *****p < 0.00001, ******p < 0.000001.
‘ns’ indicates statistical non-significance (p > 0.05).
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in Figures S2–S4 and Table 2) were selected. Further-
more, two strains in which neither mnp2 nor lac2 was
mutated (Lanes 7 and 10 in Figure S4), which were
designated as vp2vp3mnp3mnp6m2#1 (Lane 7) and
vp2vp3mnp3mnp6m2#2 (Lane 10) were selected
(Table 2). To further confirm that neither mnp2 nor lac2
was mutated in these two strains, DNA sequencing
was performed on the PCR-amplified genomic frag-
ments (Figure S4) with YF135 or YF136 (mnp2) and
IY24 or IY25 (lac2) as the primers. No mutations were
observed within the fragments, suggesting that neither
mnp2 nor lac2 was mutated in vp2vp3mnp3mnp6m2#1
and vp2vp3mnp3mnp6m2#2.

Lignin-degrading abilities reduced
drastically in the vp2/vp3/mnp2/mnp3/
mnp6 and vp2/vp3/mnp2/mnp3/mnp6/lac2
mutants on BWS

To examine the hyphal growth rate of the obtained two
vp2/vp3/mnp2/mnp3/mnp6/lac2 sextuple-gene mutants,
they were grown on YMG agar plates for 9 days. As
Figure 4A shows the diameter of the two strains was

similar to that of the parental control vp2vp3mnp3
mnp6m#1. Regarding the amount of ergosterol per
plate growing the sextuple-gene mutants, it was signifi-
cantly larger than the parental quadruple-gene mutant
(Figure 4B). Additionally, significantly higher extracellu-
lar cellobiosidase activities were observed in the two
sextuple-gene mutants at the 20-day and 30-day period
(Figure 4C,D).

To examine whether the quintuple-gene and/or
sextuple-gene mutations cause defects in lignin degrada-
tion, the decreased amount of Klason lignin in BWS-II
after cultivating the obtained mutants for 20 and 30 days
was analysed. In this experiment, two of each multiple-
gene mutant were selected and used to eliminate possi-
ble artefacts from additional ectopic integration and/or
off-target effects, which might affect the degrading ability.
As shown in Figure 5A, ‘lignin loss’ at both culture
periods was significantly the same among the
vp2vp3mnp3mnp6m2#1 and #2 strains (Lanes 3 and 4),
the vp2vp3mnp3mnp6lac2 mutants (Lanes 5 and 6), and
their parental vp2vp3mnp3mnp6m#1 (Lane 2). While
‘Lignin loss’ of the vp2vp3mnp2mnp3mnp6m#1 and #2
(Lanes 7 and 8) were lesser (about 1/3) than that of the
vp2vp3mnp3mnp6m#1; ‘Lignin loss’ of the vp2vp3mnp

F I GURE 5 The effects of the multiple-gene mutations on lignin degradation in beech wood sawdust medium (BWS)-II. (A) Comparison of
the lignin-degrading abilities. ‘Lignin loss’ indicates the decreased amount of Klason lignin after growing each strain. The amount of Klason lignin
contained in BWS-II on which the Pleurotus ostreatus strain was not inoculated was 0.402 g. (B) Comparison of the selectivity of lignin
degradation. ‘Composition change’ indicates changes in the composition (percentage) of lignin contained in BWS-II after the fungal cultivation.
The Klason lignin composition in BWS-II on which the P. ostreatus strain was not inoculated was 23.1% (wt/wt). The indicated strains (1–10)
were grown on BWS-II for 20 and 30 days. The graphs and bars represent the average and standard deviations, respectively (n = 3). Lane 1, the
parental control PC9; 2, vp2vp3mnp3mnp6m#1; 3, vp2vp3mnp3mnp6m2#1; 4, vp2vp3mnp3mnp6m2#2; 5, vp2vp3mnp3mnp6lac2m#1;
6, vp2vp3mnp3mnp6lac2m#2; 7, vp2vp3mnp2mnp3mnp6m#1; 8, vp2vp3mnp2mnp3mnp6m#1; 9, vp2vp3mnp2mnp3mnp6lac2m#1;
10, vp2vp3mnp2mnp3mnp6lac2m#2. Statistical significance tests between the two indicated strains were performed using a two-tailed equal
variance t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *****p < 0.00001, and ******p < 0.000001. ‘ns’ indicates statistical non-
significance (p > 0.05).
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2mnp3mnp6lac2m#1 and #2 were almost negligible.
These results suggest that vp2/vp3/mnp2/mnp3/mnp6
and vp2/vp3/mnp2/mnp3/mnp6/lac2 mutations, but not
vp2/vp3/mnp3/mnp6/lac2, drastically reduce the lignin-
degrading ability of P. ostreatus on BWS.

As Figure 5A,B shows the lesser the mutants
degraded lignin, the lower the selectivity of lignin degra-
dation was. This phenomenon may be due to elevated
polysaccharide-degrading enzyme expression in defi-
cient lignin degradation or structural modification of the
remaining lignin that is not indicated by the weight of
the acid-insoluble lignin.

The remaining four mnp and vp genes
were not upregulated in the sextuple-gene
mutants on BWS

To examine whether the sextuple-gene mutation affects
the transcription level of the remaining four mnp/vp
genes (vp1, mnp1, mnp4, and mnp5), qRT-PCR using
real-time PCR was conducted on PC9 and the two sex-
tuple mutants grown on BWS for 13 and 20 days. As
shown in Figure 6, transcript accumulation (relative
expression level) of mnp4 was indifferent between the
sextuple-gene mutants and the parental control PC9,
whereas that of the remaining three, vp1, mnp1, and
mnp5, was smaller at 13-day and/or 20-day culture
period. Combined with the results in Figure 4C, this
result suggests that genes encoding enzymes involved
in lignin degradation may not be upregulated in the vp2/
vp3/mnp2/mnp3/mnp6/lac2 mutants on BWS.

The sextuple-gene mutants also hardly
degraded lignin in Japanese Cedar and
rice straw

We analysed the lignin-degrading abilities of the
sextuple-gene mutants on the different lignocellulosic

substrates/media, toluene/ethanol-extracted Japanese
Cedar (softwood Cryptomeria japonica), wood sawdust
medium (CWS), and the extracted milled rice (grass
Oryza sativa) straw medium (RS), in which chemical
compositions differ from that in beech (hardwood;
Katahira et al., 2018; Umezawa et al., 2020). First, each
mnp/vp transcript was quantified using a digital PCR on
20b grown on BWS-I, CWS, and RS to analyse/
compare transcriptional expression patterns/levels.
Figure 7A shows that vp2 and vp3 transcripts were pre-
dominant among vp/mnp when grown on CWS, RS,
and BWS-I.

Next, PC9 and the two vp2/vp3/mnp2/mnp3/mnp6/
lac2 sextuple-gene mutants were grown on CWS and
RS for 30 days, followed by analyses of the decreased
amount of Klason lignin. As shown in Figure 7B,C, like
the BWS-II case, the ‘Lignin loss’ of
vp2vp3mnp2mnp3mnp6lac2m#1 and #2 were drasti-
cally smaller than that of PC9. These results suggest
that the sextuple mutants lose the ability to completely
degrade the different natural lignins.

Considering the ‘Composition change’ in Figure S6,
it was suggested that the amount of polysaccharide
degraded by the sextuple-gene mutants is not reduced
compared with that of lignin when grown on CWS, RS,
and BWS-II.

DISCUSSION

In this study, multiple-gene mutants (at maximum
sextuple) of P. ostreatus mnp/vp/lac were generated
using plasmid-based CRISPR/Cas9, and their lignin-
degrading abilities were examined/compared. Although
the ectopic integration of the transforming plasmid(s)
and/or off-target effects cannot be excluded, the results
showed that VPs and MnPs (and Lacs) are crucial fac-
tors in lignin degradation by P. ostreatus on the three
lignocellulosic media: BWS, CWS, and RS. Reduced
lignin-degrading abilities were observed in the vp2/vp3/

F I GURE 6 Effects of the sextuple-gene mutations on transcript accumulation of vp1, mnp1, mnp4, and mnp5 on beech wood sawdust
medium-I at 13-day and 20-day culture periods using quantitative reverse transcription-polymerase chain reaction. The graphs and bars
represent the average and standard deviations, respectively (n = 2). Lane 1, the parental control PC9; 2, vp2vp3mnp2mnp3mnp6lac2m#1;
3, vp2vp3mnp2mnp3mnp6lac2m#2. The bars represent the standard deviation (n = 2).
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mnp2/mnp3/mnp6 mutants on BWS, but not in vp2/vp3/
mnp3/mnp6. Considering that the sum of TPM values
of the former five genes (the latter four genes) accounts
for 96%–99% (90%–95%) of the nine mnp/vp on BWS,
high expression/activities of MnPs and VPs may not be
required for efficient degradation of natural lignin in lig-
nocellulose by P. ostreatus under the cultural condi-
tions used in this work.

Catalytic properties of MnPs, VPs, and LiPs have
been extensively studied. For example, MnPs oxidize
Mn2+ to Mn3 (Gold & Glenn, 1988), which attacks lignin
model compounds (both phenolic and non-phenolic)
directly or via the generation of radicals
(Hofrichter, 2002). LiPs directly oxidize non-phenolic
aromatic substrates without mediators (Doyle
et al., 1998). VPs catalyse both reactions (Ruiz-Dueñas
et al., 1999). Multiple copies of LME-encoding genes
are predicted in the genomes of all white-rot fungi
(Riley et al., 2014). In P. ostreatus, a total of nine mnp
and vp genes are predicted in its genome, and expres-
sion patterns of mnp/vp in the lignocellulose medium
(mixture of milled rice straw and poplar) depend on pH
and temperature (Fern�andez-Fueyo, Castanera,
et al., 2014). Catalytic properties (kinetic constants for
substrates, including Mn2+ and H2O2) and pH stabilities
were different among P. ostreatus MnPs/VPs heterolo-
gously expressed in Escherichia coli (Fern�andez-
Fueyo, Ruiz-Dueñas, et al., 2014). Thus, we hypothe-
sized that Pleurotus spp. possibly use different combi-
nations of LMEs to survive different environments/

conditions, allowing a significant number of Pleurotus
spp. for worldwide distribution throughout hardwood
forests under different climates (Vilgalys & Sun, 1994).
This could be why they need multiple/redundant copies
of LME-encoding genes for survival. Currently, it
remains unclear whether there is also high redundancy
among LMEs in the other white-rot fungi.

In this study, significantly and greatly higher extra-
cellular cellobiosidase activities were observed in the
two sextuple-gene mutants at the 20-day and 30-day
periods. This result suggests that cellulose-degrading
enzyme-encoding genes may be upregulated in the
ligninolytic-deficient mutants so that they can obtain
nutrients from polysaccharides in BWS. Considering
that many polysaccharide-degrading enzyme-encoding
genes, as well as lignin-degrading one, are predicted in
the genome of P. ostreatus (Riley et al., 2014), future
studies will be needed to analyse transcriptional
expression in the sextuple-gene mutants to reveal
which/what enzyme-encoding genes are upregulated
and to elucidate the mechanisms by which they are
regulated.

Other peroxidases, including dye-decolorizing per-
oxidases (EC1.11.1.19) and chloride peroxidases
(CPOs; EC1.11.1.10), were also shown to oxidize/
cleave β-O-4 in lignin model compounds and/or depoly-
merize synthetic lignin in vitro (Ortiz-Bermudez
et al., 2003; Sugano & Yoshida, 2021). Putative four
DyP-encoding genes and four CPOs-encoding ones
are predicted in the genome of P. ostreatus. However,

F I GURE 7 The lignin-degrading abilities of the sextuple-gene mutants on CWS and RS. (A) Transcriptional expression pattern of mnp/vp
genes in the Pleurotus ostreatus 20b strain on BWS-I, CWS, and RS analysed using quantitative reverse transcription-polymerase chain
reaction (PCR) with the digital PCR. The bars represent the standard deviation (n = 2). (B) The ability of the sextuple-gene mutants to degrade
lignin on CWS and RS. The indicated strains (1–3) were grown for 30 days. Strain 1, the parental control PC9;
2, vp2vp3mnp2mnp3mnp6lac2m#1; 3, vp2vp3mnp2mnp3mnp6lac2m#2. The decreased amount of Klason lignin was compared with that in the
No-fungus control plate (onto which P. ostreatus was not inoculated). The graphs and bars represent the average and standard deviations,
respectively (n = 3). A statistical significance test between each mutant and its parental control (Lane 1) was conducted using a two-tailed equal
variance t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, and *****p < 0.00001. ‘ns’ indicates statistical non-significance (p > 0.05).
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considering that the ability was almost impaired in the
sextuple mutants of mnp/vp/lac, these peroxidases are
unimportant or required for wood lignin degradation by
P. ostreatus.

In conclusion, this study provided solid evidence
that LMEs (especially VPs and MnPs) are crucial for lig-
nin degradation in plant biomass by P. ostreatus for the
first time. Considering that the production of only a
small amount of VPs/MnPs is sufficient for lignin degra-
dation by P. ostreatus, it may be interesting to study
and modify the mechanisms of transportation of the
degraded lignin fragments into hyphal cells and/or its
metabolism/mineralization for enhancing/improving the
lignin-degrading ability and utilizing it for biorefineries.
However, it remains unclear whether this conclusion
applies to lignin degradation by P. ostreatus on non-
milled substrates, such as wood blocks and wafers,
because the expression patterns of mnp/vp on these
substrates differed significantly from those on the milled
substrates (Fern�andez-Fueyo et al., 2016; Zhang
et al., 2019). This should be investigated in the future.
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