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Laccase Activity from Pleurotus ostreatus and
Flammulina velutipes Strains Grown on Agro- and
Forestry Residues by Solid-state Fermentation
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Laccase activity from Pleurotus ostreatus and Flammulina velutipes
strains was investigated with various agro- and forestry residues by solid-
state fermentation. Different species or strains belonging to the same
species had the unique capacity of secreting laccase on solid-state
fermentation with various agro- and forestry residues. Overall, the capacity
of secreting laccase for P. ostreatus strains was superior to F. velutipes
strains due to the value of maximum activity on various agro- and forestry
residues, except on the stalk of straw. Compared with Populus
beijingensis, corncob, and stalk of straw, the presence of cottonseed hull
was helpful to improve laccase activity for P. ostreatus strains because the
maximum laccase activity from cottonseed hull was higher than that from
the other three agro- and forestry residues. The presence of stalk of straw
was more helpful to improve laccase activity for F. velutipes strains
because of the maximum laccase activity from stalk of straw was higher
that from Populus beijingensis, corncob, and cottonseed hull. These
results indicated the importance of selecting suitable agro- and forestry
residues for fungi producing laccase. These findings contributed to the
selection of suitable strains to obtain an integrated application of low-cost
laccase in the factory.
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INTRODUCTION

The development of agriculture and forestry has brought great economic benefits
and contributed to environmental protection because of their ability in absorbing carbon
dioxide and releasing oxygen. The role agriculture and forestry plays in soil and water
conservation is also extremely important. However, the rapid development of agriculture
and forestry also brings some environmental problems, mainly including the residues agro-
and forestry harvesting practices. What is more serious is that these agro- and forestry
residues will cause more air pollution if they were disposed of via burning. However, these
agro- and forestry residues belonging to biomass resources have broad application value in
various aspects including green energy fuels and industrial chemical products (Gaikwad
and Meshram 2019). Agro- and forestry residues, e.g., sugarcane bagasse, grasses, corncob,
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cottonseed hull, bamboos, etc., are composed of lignin, cellulose, and hemicellulose
(Pinheiro et al. 2020). The production of enzymes via agro- and forestry residues has
attracted widespread attention, especially laccase, due to the wide existence and low price
of agro- and forestry residues (Lizardi-Jimenez et al. 2019; Palazzolo et al. 2019;
Srinivasan et al. 2019; Thamvithayakorn et al. 2019; Agrawal and Verma 2020; Atilano-
Camino et al. 2020; Pinheiro et al. 2020; Xu et al. 2020).

Laccase (EC 1.10.3.2), one of most important ligninolytic enzymes, alone or
together with other ligninolytic enzymes, including lignin peroxidase (Lip) and manganese
peroxidase (Mnp), belongs to a family of copper oxidases and is distributed in higher plants,
cyanobacteria, bacteria, insects, and fungi (Yang et al. 2017; Srinivasan et al. 2019).
Laccase has the ability of catalyzing a wide range of reactions, including organic and
inorganic substrates (Sharma et al. 2007; Jaya Mary et al. 2018). High catalytic capacity
and wide substrate adaptation of laccase greatly improves the wide application of enzyme
in various fields, including bioremediation, biodegradation, biosensors, medicine,
nanoscience, pulp and paper industry, baking industry, and beverage and beer industry
(Bertrand et al. 2017; Kudanga et al. 2017; Mate and Alcalde 2017; Agrawal et al. 2018;
Su et al. 2018; Yashas et al. 2018; Deska and Konczak 2019; Garlapati et al. 2019; Singh
and Arya 2019; Wang et al. 2019; Zerva et al. 2020; Liu et al. 2020). The wide application
of laccase to the above-mentioned biotechnological process requires large amounts of
laccase with low production cost (Couto and Toca-Herrera 2007; An et al. 2018). Therefore,
reducing the production costs of laccase by optimising the fermentation condition and
selecting suitable strains to obtain high laccase production are the key research questions
for industrial applications (Elisashvili et al. 2008; Mate and Alcalde 2017; Rodrigues et al.
2019; An et al. 2020a,b). At present, fungal laccase and bacterial laccase have been widely
studied, especially fungal laccase. Many fungi have ability of secreting laccase, mainly
basidiomycetes. White-rot fungi, belonging to basidiomycetes, are recognized as excellent
laccases producers, and almost all species of white-rot fungi can secrete laccase to varying
degrees (Couto and Toca-Herrera 2007; An et al. 2016a,b; Agrawal et al. 2018). Among
the white-rot fungi, laccase production from the genus Ganoderma, Trametes, Lentinus,
and Pleurotus are the most widely studied (Elissetche et al. 2007; Guo et al. 2017; Gupta
and Jana 2018, 2019; Palazzolo et al. 2019; Sadeghian-Abadi et al. 2019; Atilano-Camino
et al. 2020; Han et al. 2020).

The activity of laccase secreted by fungi is affected by many factors. Additionally,
it mainly includes the following categories: 1) the concentration, proportion, and type of
carbon or nitrogen sources, such as glucose, peptone, and lignocellulosic biomass
(Songulashvili et al. 2008; An et al. 2015; Han et al. 2017; Palazzolo et al. 2019;
Thamvithayakorn et al. 2019; Agrawal and Verma 2020; Atilano-Camino et al. 2020;
Pinheiro et al. 2020); 2) various kinds or concentration of metal ions, e.g., Ca®*, Cu?*, Cd?*,
Ag?*, Fe?*, Hg?*, and Mn?* (Wang et al. 2011; Pezzella et al. 2013; Divya et al. 2015;
Suetomi et al. 2015; Zhuo et al. 2017; Xu et al. 2018; An et al. 2020a); 3) fungal secondary
metabolites, such as veratrol and ferulic acid (Galhaup et al. 2002; Janusz et al. 2015); 4)
temperature and pH (Diaz et al. 2013; Hu et al. 2014); 5) fermentation method, including
submerged fermentation, solid-state fermentation and unconventional method (solid-state
fermentation followed by liquid fermentation) (An et al. 2016b; Schalchli et al. 2017
Wasak et al. 2018; Gupta and Jana 2019; Wang et al. 2019); 6) different species or strains
(Elisashvili and Kachlishvili 2009; An et al. 2016a, 2018; Zhang et al. 2020; Han et al.
2021).

Previous study showed that solid-state fermentation is better than submerged
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fermentation in that the enzymes are not diluted (Oostra et al. 2000). Moreover, solid-state
fermentation is closer to the real living environment of fungi in nature. Lignocellulosic
biomass is often used as the material for fungal growth by solid-state fermentation.
Previous studies indicated that a difference among different fungal species or different
strains belonging to the same species for biosynthetic potential was significant (Janusz et
al. 2015; Vrsanska et al. 2016; Han et al. 2020). However, it is necessary to select the
substrates suitable for each fungus to grow and secrete laccase because different fungi
prefer different substrates. Meanwhile, laccase activity from Pleurotus ostreatus CCEF 89
or CCEF 99 on corncob, poplar wood and cottonseed hull had been detected in previous
studies (Han et al. 2017, 2018). However, more strains and more kinds of agro- and forestry
residues were necessary for obtaining suitable strain and fermentation condition. Based on
this, in this study, laccase activity of strains belonging to Pleurotus ostreatus and
Flammulina velutipes were investigated with various agro- and forestry residues on solid-
state fermentation. The enzyme production capacity of strains from Pleurotus ostreatus
and Flammulina velutipes was also compared. The results will provide a basis for the
selection of suitable agro- and forestry residues for different strains to obtain low-cost
laccase in the factory.

EXPERIMENTAL

Materials
Microorganisms

Three Pleurotus ostreatus strains CCMSSC 00322, CCMSSC 00406, and
CCMSSC 00336 and three Flammulina velutipes strains CCMSSC 00114, CCMSSC
00118, and CCMSSC 05317 were used in this study. All strains were kindly provided by
Institute of Microbiology, Beijing Forestry University (Beijing, China) and preserved on
Malt Extract Agar (MEA) medium in the College of Life Science, Langfang Normal
University (Langfang, China).

Collection and treatment of agro- and forestry residues

Populus beijingensis was collected from Langfang (China), while corncob, stalk of
straw, and cottonseed hull were collected from farmland in Chengde (China). All collected
agro- and forestry residues were air-dried and milled to a particle size of between 20- and
60-mesh.

Methods
Microbial culture and inoculum preparation

All microorganisms were reactivated on MEA medium with a stable culture
temperature of 26 °C. After 7 days of culture, round pieces with a diameter of 5 mm were
punched out with a hole punch, forming the inoculants for subsequent using. Then, to
prepare the seed fluid, 5 inoculants were cultured in 250-mL Erlenmeyer flasks with 100
mL of MEA liquid medium (without agar) at 26 °C in a shaking condition with a speed of
150 rpm. Seven days later, well grown seed fluid was homogenized by a laboratory blender
for 2 min with a stable speed of 5000 rpm, and the well-stirred suspension was taken for
the inoculum.
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Laccase production from P. ostreatus and F. velutipes strains

A total of 3 g of dry Populus beijingensis was added to a 250-mL Erlenmeyer flask
and moistened with 12 mL deionized water. All flasks were sterilized, cooled down to room
temperature, and inoculated with 3 mL inoculum under sterile conditions. Other agro- and
forestry residues, corncob, stalk of straw, and cottonseed hull, were followed the steps
aforementioned. All flasks were incubated at 26 °C and underwent the step of solid-state
fermentation. Every 24 h, the flasks were taken out and added into 100 mL acetate-sodium
acetate buffer (50 mM, pH 5.5) to perform the extraction process. Extraction process was
carried out in a shaker for 4 h (10 °C, 120 rpm) according to Han et al. (2020b). Then,
fermentation liquor was filtered through Whatman No. 1 filter paper after removing the
agro- and forestry residues. The obtained liquid was centrifuged for 20 min (4 °C, 12000
rpm). The supernatant after centrifugation was used for measurement of laccase activity.

Determination of Laccase activity

Laccase activity of P. ostreatus and F. velutipes strains was determined by the
oxidation of 2,2’-azinobis-[3-ethyltiazoline-6-sulfonate] (ABTS) (1 mM), as described in
a previous study (Han et al. 2020b). One activity unit was defined as the amount of laccase
forming 1 pmol of ABTS" per minute (€220 nm = 3.6 x 10* Mt cm™) in the acetate-sodium
acetate buffer (50 mM, pH 4.2) monitored by measuring the optical density (OD) at 420
nm using a Unico UV-4802 spectrophotometer (Unico Instrument Co., Ltd., Shanghai,
China). The assay mixture contained 100 uL of supernatant prepared and 1 mM ABTS in
50 mM acetate-sodium acetate buffer (pH 4.2). The specify duration of the reaction was 5
min with the model of kinetic measurement. The blanks were comprised of ABTS, acetate-
sodium acetate buffer, and inactive supernatant enzyme solution.

Date analysis

Two-way analysis of variance was used to examine the effects of agro- and forestry
residues and strains on laccase activity and performed by the method of Han et al. (2020b).
The software used to complete two-way analysis of variance was SPSS software version
22.0 (PROC GLM, Armonk, NY, USA). All data figures were prepared using Origin 2016
(OriginLab Corporation, Northampton, MA, USA).

RESULTS AND DISCUSSION

Results of Statistical analysis

The effect of the agro- and forestry residues on laccase activity of different strains
belonging to Pleurotus ostreatus and Flammulina velutipes was significant (P < 0.001)
during the 10 days of solid-state fermentation. The effect of the strains belonging to P.
ostreatus and F. velutipes on laccase activity was significant (P < 0.001) during the 10 days
of solid-state fermentation. Meanwhile, the interactions of strains and agro- and forestry
residues on laccase activity were also significant (P < 0.001) at 10 days on solid-state
fermentation (Table 1).

Laccase Activity of Strains Grown on Different Agro- and Forestry
Residues

Agro- and forestry residues were considered as low-cost materials to produce
various valuable chemical products including bioethanol and enzymes. Previous studies
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indicated that lignocellulosic materials, belonging to a type of complex carbon and nitrogen
sources, could be affected the laccase production secreted by fungi (Pinar et al. 2017; Leite
et al. 2019; An et al. 2020b; Han et al. 2020; Rajavat et al. 2020). Widely used kinds of
lignocellulosic materials were wood chips, olive pomace, wheat bran, bamboo, and coffee
shells (Gaikwad and Meshram 2019; Leite et al. 2019; Xu et al. 2020).

Table 1. Effects of Strains, Agro- and Forestry Residues, and Strains xAgro- and
Forestry Residues Interactions on Laccase Activities of Different Strains (Two-
way ANOVA)

Incubati(cc;r)l Period Strains Agro-Rzr;?dEg;estry Strains x ég;cl)d l?gsd Forestry
1 940.907*** 1194.372%* 381.677***
2 4853.474%** 11864.856*** 2614.743%*=
3 915.119%** 2465.461%** 470.000%**
4 1305.317*** 3255.921**=* 742.631%**
5 2034.876** 4814.965%** 1087.556***
6 2642.866*** 3173.666%** 1175.300***
7 5661.829*** 1641.142%** 678.269***
8 2114.103*** 710.668*** 254.109%**
9 2991.470** 400.593*** 494.888***
10 1787.983** 225.465%* 298.289***
Note: Degrees of freedom = 5, 3, 15; ***P < 0.001; The values were the F-value of Two-way
ANOVA.

The planting area of corn, cotton, Populus beijingensis, and Oryza sativa is large,
so there are large amounts of corresponding residues. Moreover, P. beijingensis, O. sativa,
corn, and cotton were also used for the growing of Pleurotus ostreatus and Flammulina
velutipes to obtain a fruit body, which was a process of secreting lignocellulolytic enzymes
(Han et al. 2017, 2020; An et al. 2020b). Thus, the investigation on the laccase activity
from P. ostreatus and F. velutipes strains on different agro- and forestry residues was
necessary to select suitable biomass for obtaining the low-cost laccase. A previous study
had selected the actinobacteria strains to produce lignocellulolytic enzymes with olive
pomace as substrate (Lamia et al. 2017). Therefore, this study investigated the laccase
activity from P. ostreatus and F. velutipes strains on Populus beijingensis, stalk of straw,
corncob, and cottonseed hull via solid-state fermentation.

Minimum laccase activity from P. ostreatus strain CCMSSC 00322 grown on stalk
of straw, P. beijingensis, corncob, and cottonseed hull was 2.35 + 0.11, 2.59 + 0.19, 9.26
+ 0.19, and 28.21 £ 1.55 UJ/L, respectively, and the time of minimum laccase activity all
occurred on the 1% day (Figs. 1, 2, 3, and 4, respectively). Thus, minimum laccase activity
from strain CCMSSC 00322 on cottonseed hull was nearly 12.00-fold, 10.89-fold, and
3.05-fold higher than that on stalk of straw, P. beijingensis, and corncob, respectively.
Therefore, the presence of cottonseed hull was advantageous for P. ostreatus strain
CCMSSC 00322 to rapidly secrete laccase. Maximum laccase activity from P. ostreatus
strain CCMSSC 00322 grown on stalk of straw, P. beijingensis, corncob, and cottonseed
hull was 312.04 + 5.52, 303.52 + 5.41, 321.98 + 6.55, and 594.58 + 4.15 U/L, respectively,
and the corresponding occurrence time was on the 7 day, 7" day, 7" day, and 6" day
(Table 2). Clearly, maximum laccase activity secreted by strain CCMSSC 00322 on stalk
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of straw, P. beijingensis, and corncob maintained an equal level, and was lower than that
on cottonseed hull. Previous study indicated that cottonseed hull was helpful for P.
ostreatus strains to obtain higher laccase production compared with corncob or poplar
wood (Han et al. 2017, 2018, 2020), and the advantages of cottonseed hull in improving
laccase activity emerged in this study were similar to previous studies. At the end of
fermentation (on 10" day), laccase activity from strain CCMSSC 00322 on stalk of straw,
P. beijingensis, corncob, and cottonseed hull was 23.89 + 1.79, 103.89 + 4.51, 129.07 +
1.65, and 177.47 + 11.88 UJL, respectively (Figs. 1 through 4). To some extent, P.
beijingensis, corncob, and cottonseed hull were all helpful for strain CCMSSC 00322 to
secrete stable laccase during whole process of fermentation (Figs. 1, 2, and 4).

Minimum laccase activity from P. ostreatus strain CCMSSC 00406 on stalk of
straw, P. beijingensis, corncob, and cottonseed hull was 2.16 + 0.11 U/L (on 1% day), 1.05
+ 0.11 U/L (on 1% day), 2.90 + 0.28 U/L (on 1% day), and 4.07 + 0.32 U/L (on 1% day),
respectively (Figs. 1, 2, 3 and 4). Maximum laccase activity for P. ostreatus strain
CCMSSC 00406 from cottonseed hull was 417.72 + 17.99 U/L on 5" day, which was
higher than that from stalk of straw (253.95 + 5.86 U/L, 8" day), Populus beijingensis
(265.86 + 13.28 U/L, 7" day), and corncob (148.15 + 7.38 U/L, 6" day), by 1.64-fold, 1.57-
fold, and 2.82-fold, respectively (Table 2). Laccase activity from strain CCMSSC 00406
at 10th day on stalk of straw, P. beijingensis, corncob, and cottonseed hull was 32.35 +
2.39,67.84+1.83,16.23 £1.50, and 49.20 £ 3.18 U/L, respectively. The maximum activity
of laccase on P. beijingensis was lower than that on cottonseed hull, but laccase activity on
P. beijingensis was higher than that on cottonseed hull at 10" day (Figs. 1 and 4).

350

—=— CCMSSC 00322
|—e— CCMSSC 00406
3004 _4— cCMSSC 00336
v CCMSSC 00114

-y
5 250 +—¢— CCMSSC 00118
5 {—4¢— CCMSSC 05317
'S 200 -
©
©
@ 150 1
©
Q
E
& 100 -
50 -

0 1 2 3 4 5 6 7 8 9 10 11
Incubation period (d)
Fig. 1. Laccase activity from P. ostreatus strains CCMSSC 00322, CCMSSC 00406, and

CCMSSC 00336 and F. velutipes strains CCMSSC 00114, CCMSSC 00118, and CCMSSC
05317 on P. beijingensis. Mean value was calculated using three independent parallel values.
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Fig. 2. Laccase activity from P. ostreatus strains CCMSSC 00322, CCMSSC 00406, and
CCMSSC 00336 and F. velutipes strains CCMSSC 00114, CCMSSC 00118, and CCMSSC
05317 on corncob. Mean value was calculated using three independent parallel values.

350

—a— CCMSSC 00322
|—e— CCMSSC 00406
—4— CCMSSC 00336
v— CCMSSC 00114
¢ CCMSSC 00118 %
1{—<— CCMSSC 05317 AN

w

o

o
1

N

(6}

o
|

N

o

o
|

150

100

Laccase activity (U/L)

50

0 1 2 3 4 5 6 7 8 9 10 11
Incubation period (d)
Fig. 3. Laccase activity from P. ostreatus strains CCMSSC 00322, CCMSSC 00406, and

CCMSSC 00336 and F. velutipes strains CCMSSC 00114, CCMSSC 00118, and CCMSSC
05317 on stalk of straw. Mean value was calculated using three independent parallel values.
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Fig. 4. Laccase activity from P. ostreatus strains CCMSSC 00322, CCMSSC 00406, and
CCMSSC 00336 and F. velutipes strains CCMSSC 00114, CCMSSC 00118, and CCMSSC
05317 on cottonseed hull. Mean value was calculated using three independent parallel values.

Minimum laccase activity for P. ostreatus strain CCMSSC 00336 from agro- and
forestry residues with stalk of straw, P. beijingensis, corncob, and cottonseed hull was 1.91
+0.11,0.86 £ 0.11, 0 + 0, and 10.19 + 1.13 U/L, respectively, and all appeared on 1% day.
Minimum laccase activity for strain CCMSSC 00336 on cottonseed hull was nearly 5.34-
fold and 11.85-fold higher than that on stalk of straw and P. beijingensis, respectively,
while no laccase activity was detected on corncob at the same time. The maximum laccase
activity from strain CCMSSC 00336 on cottonseed hull (409.44 + 6.49 U/L, 6™ day) was
higher than that on stalk of straw (271.54 + 10.58 U/L, 7™ day), Populus beijingensis
(174.51 + 4.18 U/L, 7" day), and corncob (145.00 + 2.59 U/L, 6" day), by 1.51-fold, 2.35-
fold, and 2.82-fold, respectively (Table 2). Thus, cottonseed hull and stalk of straw
improved laccase activity for strain CCMSSC 00336. At the 10" day, laccase activity from
strain CCMSSC 00336 grown on stalk of straw, P. beijingensis, corncob, and cottonseed
hull was 38.64 + 2.29, 78.64 + 5.18, 12.84 + 1.12, and 30.62 + 2.93 U/L (Figs. 1 through
4, respectively).

Minimum laccase activity from F. velutipes strain CCMSSC 00114 on stalk of
straw, P. beijingensis, corncob, and cottonseed hull was 2.59 + 0.19 U/L, 0 + 0 U/L, 1.23
+ 0.11 U/L, and 2.47 £ 0.11 U/L (Figs. 1, 2, 3, and 4, respectively). Maximum laccase
activity from strain CCMSSC 00114 on stalk of straw was 280.80 + 2.75 U/L, higher than
that on P. beijingensis (40.62 £ 0.95 U/L), corncob (61.67 £ 2.49 U/L), and cottonseed hull
(59.88 + 1.95 U/L), by nearly 6.91-fold, 4.55-fold, and 4.69-fold (Table 2), respectively.

Additionally, laccase activity on stalk of straw was higher that on P. beijingensis,
corncob, and cottonseed hull, by nearly 3.88-fold, 6.76-fold, and 1.54-fold, respectively.
Clearly, stalk of straw contributed to F. velutipes strain CCMSSC 00114 to secrete laccase
rapidly and improve laccase activity. At the beginning of the fermentation (1% day), laccase
activity from F. velutipes strain CCMSSC 00118 on stalk of straw and cottonseed hull was
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1.91+0.11and 2.16 =+ 0.11 U/L, respectively, while no laccase activity was detected on P.
beijingensis and corncob (Figs. 1, 2, 3, and 4, respectively). Maximum laccase activity
from strain CCMSSC 00118 on stalk of straw (239.26 + 17.89 U/L, 6™ day) was higher
than that on P. beijingensis (32.47 + 1.12 U/L, 7" day), corncob (36.60 + 0.70 U/L, 7"
day), and cottonseed hull (60.19 + 2.80 U/L, 6™ day), by 7.37-fold, 6.54-fold, and 3.98-
fold, respectively (Table 2).

At the end stage of fermentation (10" day), similarly to the beginning stage of
fermentation, laccase activity on stalk of straw, and cottonseed hull was 15.99 + 1.30 and
12.35 + 0.60 U/L, and laccase activity was undetected on P. beijingensis and corncob.
Overall, the presence of stalk of straw was helpful for strain CCMSSC 00118 to accelerate
laccase secretion and increase laccase activity. Thus, comparing with other three agro- and
forestry residues, stalk of straw was suitable for strain CCMSSC 00118 secreting laccase.
On the 1% day, laccase activity for F. velutipes strain CCMSSC 05317 was 1.79 + 0.11 U/L
on stalk of straw and 2.65 £ 0.11 U/L on cottonseed hull. No laccase activity was detected
on P. beijingensis and corncob (Figs. 1, 2, 3 and 4, respectively). Maximum laccase activity
for strain CCMSSC 05317 was 233.21 + 1.13 U/L on stalk of straw, 35.62 + 1.62 U/L on
P. beijingensis, 47.53 + 1.23 U/L on corncob, and 57.78 + 1.30 U/L on cottonseed hull
(Table 2), respectively. Furthermore, on the 10" day, laccase activity for strain CCMSSC
05317 on stalk of straw, P. beijingensis, corncob, and cottonseed hull was 28.21 + 0.60,
1.36 £ 0.11, 5.43 £ 0.43, and 11.42 = 0.11 U/L, respectively. Clearly, stalk of straw was
extremely helpful for strain CCMSSC 05317 to secrete laccase during whole process of
solid-state fermentation.

Previous studies concerning lignocellulosic materials using in laccase production
secreted by F. velutipes were mainly ramie stalk, corncob, and poplar wood (Xie et al.
2017; Anetal. 2020b). Han et al. (2017) reported that laccase production from P. ostreatus
CCEF 89 and CCEF 99 in synthetic medium containing cottonseed hull was higher than
that in poplar wood or corncob with the same synthetic medium.

In the present study, a similar phenomenon was found, because the occurrence time
of maximum laccase activity on cottonseed hull was earlier that than on stalk of straw, P.
beijingensis, and corncob. Maximum laccase activity from F. velutipes CCMSSC 05317
in submerged fermentation with cottonseed hull was higher than that with corncob and
poplar wood (An et al. 2020b). Meanwhile, maximum laccase activities obtained from F.
velutipes CCMSSC 00118 grown on cottonseed hull, corncob, and poplar wood were 71.83
+0.35, 58.27 £ 1.14, and 42.50 = 0.80 U/L (An et al. 2020b). The presence of cottonseed
hull was certainly helpful to improve laccase activity for P. ostreatus strains in this study,
while, the presence of stalk of straw was more helpful to improve laccase activity for F.
velutipes strains than cottonseed hull. Additionally, this result confirmed that it was
important to select the suitable agro- and forestry residues for different fungi to produce
laccase via fermentation.
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Table 2. Maximum Laccase Activity, Agro- and Forestry Residues, and
Occurrence Time of Tested Pleurotus ostreatus and Flammulina velutipes
Strains

Maximum Laccase Agro- and Forestry . .
Activity (U/L) Residues Tested Strains Time (Day)

P. ostreatus CCMSSC th

312.04 +5.52 Stalk of straw 00322 7
303.52+5.41 Populus beijingensis P, ostre%tg?szZZCMSSC 7t
P. ostreatus CCMSSC th

321.98 £ 6.55 Corncob 00322 7
P. ostreatus CCMSSC th

594.58 + 4.15 Cottonseed hull 00322 6
P. ostreatus CCMSSC th

253.95 + 5.86 Stalk of straw 00406 8
265.86 + 13.28 Populus beijingensis | F- 9511eas GEMSSC 7t
P. ostreatus CCMSSC th

148.15+ 7.38 Corncob 00406 6
P. ostreatus CCMSSC th

417.72 £17.99 Cottonseed hull 00406 5
P. ostreatus CCMSSC th

271.54 £ 10.58 Stalk of straw 00336 7
17451 +4.18 Populus beijingensis P. ostre%tggsc(;CMSSC 7t
P. ostreatus CCMSSC th

145.00 + 2.59 Corncob 00336 6
P. ostreatus CCMSSC th

409.44 £ 6.49 Cottonseed hull 00336 6
F. velutipes CCMSSC th

280.80 £ 2.75 Stalk of straw 00114 7
40.62 +0.95 Populus beijingensis F. velutipes CCMSSC 6t

00114

F. velutipes CCMSSC th

61.67 + 2.49 Corncob 00114 7
F. velutipes CCMSSC th

59.88 £+ 1.95 Cottonseed hull 00114 6
F. velutipes CCMSSC th

239.26 +17.89 Stalk of straw 00118 6
32.47+1.12 Populus beijingensis F. velutipes CCMSSC 7t

00118

F. velutipes CCMSSC th

36.60 £ 0.70 Corncob 00118 7
F. velutipes CCMSSC th

60.19 + 2.80 Cottonseed hull 00118 6
F. velutipes CCMSSC th

233.21+1.13 Stalk of straw 05317 8
: F. velutipes CCMSSC th

35.62 + 1.62 Populus beijingensis 05317 7
F. velutipes CCMSSC th

4753 +1.23 Corncob 05317 6
F. velutipes CCMSSC th

57.78 £ 1.30 Cottonseed hull 05317 5

Data are presented as mean value + standard deviation for biological triplicates and are
expressed as U/L.
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Laccase Activity from Different Pleurotus ostreatus and Flammulina
velutipes Strains

Pleurotus ostreatus and Flammulina velutipes have the capacity of secreting
laccase (An et al. 2016a, 2018). Previous studies indicated that metal ions have ability of
inducing laccase secreted by fungi. Among different metal ions, the presence of Cu?* or
Mn?* contributed to improving laccase production from F. velutipes and P. ostreatus
strains, and Fe?* was disadvantageous for F. velutipes and P. ostreatus strains secreting
laccase (Janusz et al. 2015; An et al. 2016a, 2020a). The effects of lignocellulosic materials,
such as cottonseed hull and poplar wood, on the activity of laccase in P. ostreatus and F.
velutipes strains via submerged fermentation were also studied (Elisashvili et al. 2008; An
et al. 2015, 2020b; Han et al. 2017, 2018, 2020). However, enlarging the screening range
of strains and suitable agro- and forestry residues is helpful for obtaining high-produced
laccase strains used in industrial application. Thus, in present study, the capacity of
secreting laccase from three P. ostreatus strains and three F. velutipes strains on agro- and
forestry residues was considered.

In terms of Populus beijingensis, laccase activity from three P. ostreatus strains
was detected on the 1% day, while no laccase activity was detected from three F. velutipes
strains (Fig. 1). Maximum laccase activity for P. ostreatus CCMSSC 00322 was 303.52 +
5.41 U/L, nearly 1.14-fold, 1.74-fold, 7.47-fold, 9.35-fold, and 8.52-fold than that for P.
ostreatus CCMSSC 00406, P. ostreatus CCMSSC 00336, F. velutipes CCMSSC 00114,
F. velutipes CCMSSC 00118, and F. velutipes CCMSSC 05317, respectively (Table 2).
Clearly, P. ostreatus CCMSSC 00322 was the best producer with the capacity of secreting
laccase on P. beijingensis. The level of secreting laccase from three F. velutipes strains was
roughly equivalent and was lower than that from three P. ostreatus strains (Fig. 1). Laccase
activity obtained from P. ostreatus CCMSSC 00322, P. ostreatus CCMSSC 00406, and F.
velutipes CCMSSC 00114 on corncob was measured on the 1% day, while the other three
strains were not measured this day. Similarly, to the phenomenon on the Populus
beijingensis, maximum laccase activity for P. ostreatus CCMSSC 00322 was 321.98 +
6.55 U/L, which was nearly 2.17-fold, 2.22-fold, 5.22-fold, 8.80-fold, and 6.77-fold higher
than that for P. ostreatus CCMSSC 00406, P. ostreatus CCMSSC 00336, F. velutipes
CCMSSC 00114, F. velutipes CCMSSC 00118, and F. velutipes CCMSSC 05317,
respectively (Table 2). Thus, P. ostreatus CCMSSC 00322 was the best producer with the
capacity of secreting laccase on corncob and other two P. ostreatus strains had similar
laccase secretion capacity (Fig. 2). Maximum laccase activity from F. velutipes CCMSSC
00114 on corncob was 61.67 = 2.49 U/L, nearly 1.68-fold and 1.30-fold higher than that
from F. velutipes CCMSSC 00118 and F. velutipes CCMSSC 05317. Maximum laccase
activity from these F. velutipes strains indicated that the specificity of enzyme production
in different strains belonging to the same species was significant. Furthermore, it was also
demonstrated once again that the enzyme production capacity of P. ostreatus CCMSSC
00322 was much stronger than that of other strains, and each strain had a certain specificity
of its own enzyme production through the laccase activity of the six strains grown on
corncob on the 10" day. In terms of stalk of straw, laccase activity was detected in these
six strains on the 1% day (Fig. 3). Maximum laccase activity from P. ostreatus CCMSSC
00322, CCMSSC 00406, CCMSSC 00336, F. velutipes CCMSSC 00114, CCMSSC 00118,
and CCMSSC 05317 on stalk of straw was 312.04 + 5.52, 253.95 + 5.86, 271.54 + 10.58,
280.80 + 2.75, 239.26 + 17.89, and 233.21 £ 1.13 U/L (Table 2), respectively. Among the
tested six strains, P. ostreatus CCMSSC 00322 was still the best producer in secreting
laccase on stalk of straw. Meanwhile, three F. velutipes strains exhibited superior capacity
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of secreting laccase due to the high level of laccase activity, especially F. velutipes
CCMSSC 00114 (Fig. 3). This is the first report about the laccase activity secreted by P.
ostreatus and F. velutipes strains grown on stalk of straw. The report found that stalk of
straw was more suitable for F. velutipes strains to secrete laccase. Maximum laccase
activity from P. ostreatus CCMSSC 00322 on cottonseed hull was 594.58 + 4.15 U/L,
which was nearly 1.42-fold, 1.45-fold, 9.93-fold, 9.88-fold, and 10.29-fold than that for P.
ostreatus CCMSSC 00406, P. ostreatus CCMSSC 00336, F. velutipes CCMSSC 00114,
F. velutipes CCMSSC 00118, and F. velutipes CCMSSC 05317.

Previous studies indicated that species or different strains belonging to the same
species have their own unique characteristics of enzyme production (Janusz et al. 2015;
Huang et al. 2019; An et al. 2020a,b; Han et al. 2020). The value of laccase activity from
four P. ostreatus strains 2175, IBB8, IBB108, and 2191, on tree leaves was no different by
solid-state fermentation (Elisashvili et al. 2008). Additionally, the present study indicated
that there were differences and showed differentiated specificity in the capacity of secreting
laccase from different P. ostreatus and F. velutipes strains on various agro- and forestry
residues. An et al. (2020b) reported that the capacity of secreting laccase from P. ostreatus
strains was superior to that from F. velutipes strains. In this study, similar phenomenon
appeared most times, except fermentation on stalk of straw. In terms of overall laccase
production capacity, P. ostreatus was indeed better than F. velutipes due to the value of
maximum laccase activity and duration of enzyme production.

CONCLUSIONS

1. The capacity of secreting laccase was varied from different species or strains belonging
to the same species on solid-state fermentation with various agro- and forestry residues.

2. Overall, the capacity of secreting laccase for P. ostreatus strains was superior to F.
velutipes strains due to the value of maximum activity on various agro- and forestry
residues, except on stalk of straw.

3. Comparing with Populus beijingensis, corncob and stalk of straw, the presence of
cottonseed hull was certainly helpful to improve laccase activity for P. ostreatus strains
in this study, while, the presence of stalk of straw was more helpful to improve laccase
activity for F. velutipes strains.
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