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Utilization of Agroindustrial Wastes for the Production
of Laccase by Pleurotus eryngii Han 1787 and Lentinus
edodes Han1788
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Laccase activity secreted by Pleurotus eryngii Han 1787 and Lentinus
edodes Han 1788 grown on six types of agroindustrial wastes was
investigated. Maximum laccase activity of P. eryngii Han 1787 on Ulmus
pumila, Juniperus formosana, Pinus tabuliformis, cottonseed shell,
corncob, and leaf of corncob was nearly 5.77-fold, 2.37-fold, 2.78-fold,
2.81-fold, 11.53-fold, and 6.73-fold higher than that of L. edodes Han1788
on corresponding agroindustrial wastes. In general, the capacity of
secreting laccase of P. eryngii Han 1787 was superior to that of L. edodes
Han 1788. Furthermore, laccase activity of P. eryngii Han 1787 on the leaf
of corncob, the corncob, Ulmus pumila, and Juniperus formosana was
relatively stable during the whole fermentation process. Different fungi
showed different preferences in different agroindustrial wastes to secret
laccase on whole fermentation stage. The presence of leaf of corncob was
useful for improving laccase activity of P. eryngii Han 1787, while L.
edodes Han 1788 was more preferred to produce laccase along with the
presence of Juniperus formosana. These results were preliminary
conducive in laying the foundation for increasing industrial laccase-
producing strains and producing low-cost laccase.
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INTRODUCTION

Lignocellulosic biomass, deemed as one of the most promising, profuse, and
renewable natural resources, is mainly composed of cellulose (30 to 50% of the dry matter
weight), hemicellulose (20 to 40% of the dry matter weight), and lignin (15 to 25% of the
dry matter weight), in addition to a small amount of structural proteins, lipids, and ash
(Mosier et al. 2005; Unuofin et al. 2019a; Han et al. 2021b). Large quantities of
lignocellulosic biomass are abandoned by various industries, such as agricultural, forestry,
and paper pulp (Birhanli and Yesilada 2013). These lignocellulosic biomasses, treated as
agroindustrial wastes, are carelessly discarded and burned, which then leads to serious
environmental pollution. The chemical properties of agroindustrial wastes allow them to
be reused constructively. For example, certain waste products can be used as substrates for
crucial complex fermentation in biotechnological applications (Howard et al. 2003;
Unuofin et al. 2019b). However, while the hemicellulose and cellulose components can be
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degraded by numerous microorganisms, the lignin—the most resistant component of
agroindustrial wastes to microbial degradation—can only be efficiently converted by a few
organisms (Sanchez 2009). Lignin acts as a barrier to protect cellulose and hemicellulose
from enzymatic attack; thus the degradation of lignocellulose requires good breaking of
the lignin barrier (Choi et al. 2019). Among the numerous microorganisms, white rot fungi
are considered to be effective in breaking the lignin barrier due to their ability to secrete
extracellular lignocellulolytic enzymes such as polyphenol oxidase and peroxidase (Dinis
et al. 2009; Birhanli and Yesilada 2010; Muthuvelu et al. 2020). Laccases are classified as
polyphenol oxidases and are typically involved in lignin degradation.

Laccase (benzenediol: oxygen oxidoreductase, EC 1.10.3.2), belongs to a family of
multicopper-containing enzymes, and is an ancient and important enzyme due to the low
specificity of its substrate (Baldrian 2006; Agrawal et al. 2018; An et al. 2020; Habimana
et al. 2021). Laccase is produced by higher plants, bacteria, insects, and fungi (Yang et al.
2017; Srinivasan et al. 2019; Nuskern et al. 2021) and has huge application potential in
different biotechnological, industrial, and environmental fields, such as biopulping,
bioremediation, biodegradation, biosensors, nanoscience, and beverage and beer industry
(Bertrand et al. 2017; Kudanga et al. 2017; Mate and Alcalde 2017; Jaya Mary et al. 2018;
Su et al. 2018; Yashas et al. 2018; Deska and Konczak 2019; Zerva et al. 2019; Liu et al.
2020b). However, the extensive application of laccase requires the support of many high
activity and low-cost laccase sources (Couto and Toca-Herrera 2007). Therefore, it is
important for industrial applications to select for suitable fermentation methods with cheap
and widespread carbon/nitrogen sources; these sources ideally from efficient laccase-
producing microorganisms to effectively produce laccase (Birhanli and Yesilada 2013;
Mate and Alcalde 2017; Rodrigues et al. 2019; Habimana et al. 2021).

Agroindustrial wastes, such as sugarcane bagasse and oil palm frond petiole, have
been commonly used as substrates for fungal fermentation to produce laccase (Ikubar et al.
2018). Amongst the numerous processes used for producing enzyme, using agroindustrial
wastes to perform the solid-state fermentation (SSF) is an attractive and cost-effective
option (Couto and Sanroman 2005). Compared to the submerged fermentation (SF), the
main advantages of SSF are low water requirements, no dilution of enzymes, and relatively
simple control technology. It is particularly important to use agroindustrial wastes for solid-
state fermentation to provide conditions for the attachment of fungal mycelia, which is
more similar to their natural environment of fungi. The production of ligninolytic enzymes,
such as laccase, is affected by many factors including fungal species, medium components,
and types of substrates (Liu et al. 2009; Hu et al. 2014; Martin et al. 2021). Thus, it is very
important to evaluate enzyme production of new isolated fungal strains when investigating
new substrates to identify suitable types of agroindustrial wastes in the medium. A previous
study investigated the effects of mixed agro-residues (corn crop waste) on lignin-degrading
enzyme activities, growth, and quality of Lentinula edodes (Xu et al. 2020). However,
studies on laccase activity induced by a single lignocellulosic material are lacking.

Therefore, the main aim of the present study was to investigate the feasibility of
using Ulmus pumila, Pinus tabuliformis, cottonseed shell, corncob, leaf of corncob, and
Juniperus formosana, as natural, low-cost substrates for producing laccase by Pleurotus
eryngii Han 1787 and Lentinus edodes Han 1788 via conventional solid-state fermentation
in short time periods. Some of these agroindustrial wastes (Ulmus pumila, leaf of corncob,
and Juniperus formosana) were first used for producing laccase by Pleurotus eryngii and
Lentinus edodes. The results are preliminary conducive to lay a foundation for increasing
industrial laccase-producing strains and producing low-cost laccase.
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EXPERIMENTAL

Materials
Microorganisms

Fruiting bodies of two fungi were purchased in supermarkets from Langfang city,
Hebei province, China. Under aseptic conditions, a few fresh fruiting bodies were scraped
with forceps and inoculated on a PDA medium (peeled potatoes 100 g, glucose 10 g, agar
10 g, deionized water 1 L) petri dish. After 5 days, small pieces of culture medium with
mycelium were extracted with an inoculating shovel and transferred to a new PDA medium
petri dish. The strain numbers of two fungi were Han 1787 and Han 1788. Two strains
were preserved on Malt Extract Agar (MEA) medium (glucose 10 g, malt extract 20 g,
KH2PO4 3 g, agar 20 g, deionized water 1 L) and the culture medium composition,
according to An et al. (2021b). Two strains were stored in the College of Life Science,
Langfang Normal University (Langfang, China).

Agroindustrial wastes

Cottonseed shell, corncob, trunk of Ulmus pumila, trunk of Pinus tabuliformis, and
leaf of corncob were kindly provided by farmers of Chengde city, Hebei province. The
trunk of Juniperus formosana was collected from Langfang city, Hebei province. All
agroindustrial wastes were air-dried and ground into small particles with the size between
40- and 80-mesh by a micro plant grinding machine FZ-102 (Tianjin Taiste Instrument Co.,
Ltd.).

Methods
Microbial culture

Han 1787 and Han 1788 were reactivated on PDA medium at 26 °C for 9 days. Five
round pieces with a diameter of 5 mm were transferred to 100 mL PDA liquid medium at
26 °C with a speed of 150 rpm to perform the stable oscillation culture. After 7 days,
mycelium pellets were homogenized by a hand-held blender to prepare the subsequent
inoculum.

Solid-state fermentation and acquisition of crude enzyme solution

Two grams of dry agroindustrial wastes moistened with 10 mL liquid
(MgS0Q4-7H20 0.5 g, K2HPO4 1 g, KH2PO4 0.46 g, CaCl2 0.2 g, deionized water 1 L) were
added to a 250-mL Erlenmeyer flask. After sterilization, 3 mL homogenized inoculum was
added to all flasks. Then, all flasks were transferred to an incubator at constant temperature
(26 °C) to perform the process of solid-state fermentation. The experiment was performed
in triplicate. To obtain crude enzyme, the flasks were added into 100 mL acetate-sodium
acetate buffer (50 mM) at pH 5.5 and agitated on a shaker at 10 °C with a speed of 120 rpm
for 4 h, according to An et al. (2021a). Then, the liquor was filtered through filter paper to
remove the agroindustrial wastes and centrifuged at 4 °C with a speed of 12,000 rpm for
20 min. The supernatant was used to detect laccase activity.

Measurement of laccase activity

Laccase activity was determined by the method of 2,2’-azinobis-[3-ethyltiazoline-
6-sulfonate] (ABTS) via measurement of the optical density (OD) at 415 nm (Bourbonnais
and Paice 1990). The ABTS method is detailed by Han et al. (2021b). One activity unit
was defined as the amount of enzyme required per minute for the oxidation of 1 pmol
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ABTS (€415 nm = 3.16 x 10* M cm').

Data analysis

The effects of agroindustrial wastes and strains on laccase activity were examined
through two-way analysis of variance according to Han et al. (2021b) by the SPSS 22.0
program (PROC GLM, Armonk, NY, USA). All figures were generated by Origin 2016
(OriginLab Corporation, Northampton, MA, USA).

Identification of the fungi

Myecelia of Han 1787 and Han 1788 used for DNA extraction were obtained from
a petri dish containing CYM medium (glucose 20 g, peptone 2 g, yeast extract 2 g,
MgSO4-7H20 0.5 g, K2HPO4-3H20 1 g, KH2PO4 0.46 g, agar 15 g, deionized water 1 L)
with fungi grown for 7 days. An appropriate amount of mycelium used for extracting DNA
after grinding was scraped from the surface of the medium with a sterile surgical blade and
transferred to an EP tube.

The extraction method was appropriately modified according to the instructions of
the genomic DNA rapid extraction Kit-DN14 (Aidlab Biotechnologies Co., Ltd., Beijing,
China) and the method of Han et al. (2016, 2021a). Universal primers ITS5 and ITS4 were
used for PCR amplification to obtain ITS sequences of these two strains.

The PCR amplification procedure and system were according to Han et al. (2016,
2021a), and the products were sent to Beijing Genomics Institute (Beijing, China) for
sequencing. Blast comparison of ITS sequences was performed on the NCBI website to
identify the strains.

RESULTS AND DISCUSSION

Identification of Fungal Species

Previous studies have also used ITS sequences for fungal species identification
(Han et al. 2016, 2021b). The identification result of Han 1787 and Han 1788 was
Pleurotus eryngii and Lentinus edodes, and corresponding Genbank No. was ON911812
and ON911813.

Results of Statistical Analysis

The effect of fungal species and agroindustrial wastes on laccase activity was
significant (P < 0.001) during the whole stage of solid-state fermentation. Meanwhile, the
interactions of fungal species and agroindustrial wastes on laccase activity were also
significant (P < 0.001) (Table 1).
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Table 1. Two-way ANOVA to Exam the Effects of Strains, Agroindustrial Wastes,
and the Interactions between Strains and Agroindustrial Wastes on Laccase

Activities
Incubation Period Strains Agroindustrial Strains x Agroindustrial

(d) Wastes Wastes

1 1964.424*** 1153.231*** 1100.500%**
2 1031.458*** 350.978*** 349.706***
3 2656.214*** 251.165*** 250.707***
4 4790.844*** 299.303*** 293.178***
5 3052.528*** 197.158*** 195.713**
6 15124.815*** 1079.281 *** 1039.806***
7 10785.423*** 598.134*** 605.022***
8 2773.903** 211.058*** 265.831***
9 5542.250*** 410.407*** 365.060***
10 5276.387*** 336.236*** 282.855***
11 5111.133*** 435.240*** 283.299***
12 1531.056*** 118.079*** 87.637***
13 2662.578*** 168.700*** 171.318***
14 14588.637*** 762.926*** 1197.787*+*
15 2462.918*** 296.317*** 287.247***

Note: df = 1, 5, 5; **P < 0.001; The values were the F-value of Two-way ANOVA.

Species-dependent Laccase Production

The white-rot basidiomycetes have the ability to produce hydrolytic enzymes that
are involved in hydrolyzing cellulose and hemicellulose, as well as ligninolytic enzymes
that are involved in degrading lignin during whole fermentation of lignocellulose
(Elissetche et al. 2007; Birhanli and Yesilada 2013; Thamvithayakorn et al. 2019).
Similarly, previous studies had indicated that Lentinula edodes and Pleurotus eryngii have
the capacity to produce laccase (Yan et al. 2019; Liu et al. 2020a; Zhang et al. 2020, 2021).
Furthermore, many studies have shown that different species of fungi have different
abilities in producing ligninase (Guo et al. 2017; Huang et al. 2019; An et al. 2021a).
Screening and obtaining high-yield laccase strains is of great significance for industrial
application of laccase. In this study, the activity of laccase of P. eryngii Han 1787 and L.
edodes Han 1788 fermented on six readily available agroindustrial wastes was evaluated
for the first time.

Due to the laccase activity from Pleurotus eryngii Han 1787 and Lentinus edodes
Hanl1788 fermented on Ulmus pumila, Juniperus formosana, Pinus tabuliformis,
cottonseed shell, corncob, and leaf of corncob for the 1% day (Figs. 1, 2), it can be seen that
laccase is produced faster by P. eryngii Han 1787 than by L. edodes Han 1788. Results also
indicated that the laccase-producing ability of different fungi was very different. Similarly,
An et al. (2021a) evaluated the capacity of secreting laccase of P. ostreatus CY 568 and
Ganoderma lingzhi Han 500 and found that the capacity of secreting laccase from P.
ostreatus CY 568 was stronger than that from G. lingzhi Han 500.
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Fig. 1. Laccase activity from Pleurotus eryngii Han 1787 fermented on Ulmus pumila, Juniperus
formosana, Pinus tabuliformis, cottonseed shell, corncob, and leaf of corncob
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Fig. 2. Laccase activity from Lentinus edodes Han 1788 fermented on Ulmus pumila, Juniperus
formosana, Pinus tabuliformis, cottonseed shell, corncob, and leaf of corncob

According to the data shown in Table 2, maximum laccase activity of P. eryngii
Han 1787 on Ulmus pumila, Juniperus formosana, Pinus tabuliformis, cottonseed shell,
corncob, and leaf of corncob was nearly 5.77-fold, 2.37-fold, 2.78-fold, 2.81-fold, 11.53-
fold, and 6.73-fold higher than that of L. edodes Han1788 on corresponding agroindustrial
wastes, relatively. In general, the capacity of secreting laccase of P. eryngii Han 1787 was
superior to that of L. edodes Han 1788. Previous studies indicated that laccase activity was
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affected by fungal species or strains (Elisashvili et al. 2008b; An et al. 2016; Han et al.
2017; Huang et al. 2019; An et al. 2021b; Han et al. 2021b). Maximum laccase activities
obtained from solid-state fermentation cultures of Trametes trogii and T. versicolor were
384 U/L (day 10) and 68 U/L (day 8), respectively, when fermented on Corylus maxima
(Birhanli and Yesilada 2013). Stajic et al. (2006) found that laccase production of P.
eryngii, strain No. 616, fermented on grapevine sawdust was 42 = 1 and 9.3 + 0.2 U/L,
after 5 and 7 days, respectively, which was higher than the results of Martinez et al. (1994)
and Munoz et al. (1997). However, maximum laccase activity of P. eryngii Han 1787 in
the present study was 533.84 + 51.48 U/L fermented on leaf of corncob, which is higher
than the results of previous studies. Laccase activity of L. edodes IBB 123, L. edodes IBB
363, and L. edodes IBB 369 fermented on tree leaves and wheat straw was 57 + 4.7 U/flask,
52 + 4.9 U/flask, 7 + 0.7 U/flask and 20 + 1.5 U/flask, 55 + 5.1 U/flask, 38 + 4.0 U/flask
(Elisashvili et al. 2008b). In this study, maximum laccase activity of L. edodes Han 1788
on Juniperus formosana was 153.51 + 6.74 U/L. Overall, the activity of laccase produced
by P. eryngii Han 1787 and L. edodes Han 1788 in this study was higher than that from the
same species in previous studies.

Table 2. Maximum Laccase Activity Value and Occurrence Time of Pleurotus
eryngii Han 1787 and Lentinus edodes Han 1788 Fermented on Different
Agroindustrial Wastes

Maximum Laccase . . . .
Activity (U/L) Agroindustrial Wastes Strains Time (Day)
413.60 + 19.30 Ulmus pumila P'e“mt“i’fg”g” Han 12t
364.38 + 6.65 Juniperus formosana Pleurotu;eg)?mgn Han 13"
124.67 + 6.64 Pinus tabuliformis Pleurotui%%/ngu Han 12t
274.96 + 14.38 Cottonseed shell Pleurotui%%/ngu Han 7t
474.88 + 0.17 Corncob Pleurotus eryngii Han 7t
1787
533.84 +51.48 leaf of corncob Pleurotui7e8r37/ngll Han 12t
71.73 +£2.17 Ulmus pumila Lentlnusligcgdes Han 12t
153.51 + 6.74 Juniperus formosana LentmusS%%des Han gt
44.81+ 152 Pinus tabuliformis rentinus edodes Han 14
97.85+ 2.14 Cottonseed shell rentinus edodes Han 14
41.19 +0.97 Corncob Lentinus edodes Han 13"
1788
79.37 £ 4.79 leaf of corncob Lentmuslicégdes Han 11t
Data are presented as mean value * standard deviation for biological triplicates and are
expressed as U/L.
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Effects of Agroindustrial Wastes on Laccase Activity

Solid material used to culture fungi can be inert or non-inert material. The inert
material acts only as an attachment site for the fungus, while the non-inert material acts not
only as an attachment site, but also provides some nutrients for the fungus. Therefore,
noninert materials are called support substrate (Couto and Sanroman 2005; Birhanli and
Yesilada 2013; Leite et al. 2019; Lizardi-Jimenez et al. 2019). Because agroindustrial
wastes contain three major components (lignin, cellulose, and hemicellulose) that are rich
in sugar, the wastes can act as an attachment place for mycelium and also provide nutrition
for mycelium growth. Thus, one of the most appropriate approaches for ensuring the
efficient production of laccase is the utilization of agroindustrial wastes (Birhanli and
Yesilada 2013; Gupta and Jana 2019). The agroindustrial wastes commonly used in
previous studies were poplar, Juglans regia, Triticum sativum, and sugarcane bagasse
(Gaikwad and Meshram 2019; Gujjala et al. 2019; Nawaz et al. 2019; Wang et al. 2019;
Atilano-Camino et al. 2020; Malhotra and Suman 2021). Thus, evaluation of more low-
cost agroindustrial wastes is essential for low-cost laccase production.

Maximum laccase activity of Pleurotus eryngii Han 1787 on Ulmus pumila,
Juniperus formosana, Pinus tabuliformis, cottonseed shell, corncob, and leaf of corncob
was 413.60 = 19.30 U/L, 364.38 £ 6.65 U/L, 124.67 = 6.64 U/L, 274.96 + 14.38 U/L,
474.88 + 0.17 U/L, and 533.84 + 51.48 U/L (Fig. 1, Table 2). Thus, the existence of leaf
of corncob was conducive for P. eryngii Han 1787 to secret laccase. Furthermore, corncob
was also contributed to increase laccase activity compared to Ulmus pumila, Juniperus
formosana, Pinus tabuliformis, and cottonseed shell. The possible reason is that the
cellulose content of leaf of corncob and corncob was relatively higher than other tested
agroindustrial wastes and beneficial to the accumulation of mycelial biomass of fungi.
Meanwhile, maximum laccase activity of Lentinus edodes Han 1788 on Ulmus pumila,
Juniperus formosana, Pinus tabuliformis, cottonseed shell, corncob, and leaf of corncob
was 71.73 + 2.17 U/L, 153.51 + 6.74 U/L, 44.81 + 1.52 U/L, 97.85 + 2.14 U/L, 41.19 +
0.97 U/L, and 79.37 + 4.79 U/L (Fig. 2, Table 2). Obviously, the presence of Juniperus
formosana was contributed to L. edodes Han 1788 for enhancing laccase activity in a short
time. Maximum laccase activity of Lentinus edodes strain 122 fermented on WS (Triticum
aestivum), RG (mixture of Typha angustifolia, Carex pseudocyperus and Phragmites
australis) and BS (Phaseolus coccineus) was about 540 U/g (3.5 weeks), 260 U/g (3.5
weeks), and 390 U/g (5 weeks) (Philippoussis et al. 2011). Obviously, although the
maximum laccase activity of L. edodes Han 1788 used in this study was only 153.51 £ 6.74
U/L detected on Juniperus formosana, lower than L. edodes strain 122 detected on Triticum
aestivum (540 U/g) in the previous study, the occurrence time of maximum laccase activity
of L. edodes Han 1788 (at 9" day) was much earlier than L. edodes strain 122 (at 3.5 weeks).
Maximum laccase activities obtained from solid-state fermentation cultures of Trametes
versicolor was 107 U/L (day 8), 62 U/L (day 10), 68 U/L (day 8), 107 U/L (day 8), 387
U/L (day 10), and 215 U/L (day 10) when fermented on Helianthus annuus, Juglans regia,
Corylus maxima, Armeniaca vulgaris, Zea mays, and Triticum sativum (Birhanli and
Yesilada 2013). Laccase of Funalia trogii IBB 146 on tree leaves, wheat straw, apple peels,
and banana peels was 458 + 54 U/L, 760 + 70 U/L, 211 + 24 U/L, and 988 + 74 U/L
(Elisashvili et al. 2008a). Thus, results show a significant difference in laccase activity of
fungal strains fermented on different agriculture and forestry residues. Similarly, this study
also found that different fungi have different preferences for agroindustrial wastes.

An et al. (2023). “Agroindustrial waste,” BioResources 18(1), 570-583. 577



PEER-REVIEWED ARTICLE b | oresources.com

CONCLUSIONS

1. Overall, the capacity of secreting laccase of Pleurotus eryngii Han 1787 on all tested
agroindustrial wastes was superior to that of Lentinus edodes Han 1788 during the
whole fermentation process.

2. The effect of six types of agroindustrial wastes on laccase activity of P. eryngii Han
1787 was: leaf of corncob > corncob > Ulmus pumila > Juniperus formosana >
cottonseed shell > Pinus tabuliformis. In other words, the presence of leaf of corncob
was useful for improving laccase activity of P. eryngii Han 1787.

3. The effect of six types of agroindustrial wastes on laccase activity of L. edodes Han
1788 was: Juniperus formosana > cottonseed shell > leaf of corncob > Ulmus pumila >
Pinus tabuliformis > corncob. In other words, the presence of Juniperus formosana was
useful for improving laccase activity of L. edodes Han 1788.

4. Maximum laccase activity of P. eryngii Han 1787 on leaf of corncob was 533.84 *
51.48 U/L, nearly 1.29-fold, 1.47-fold, 4.28-fold, 1.94-fold, and 1.12-fold higher than
that on Ulmus pumila, Juniperus formosana, Pinus tabuliformis, cottonseed shell, and
corncob, and nearly 7.44-fold, 3.48-fold, 11.91-fold, 5.46-fold, 12.96-fold, and 6.73-
fold higher than L. edodes Han 1788 on Ulmus pumila, Juniperus formosana, Pinus
tabuliformis, cottonseed shell, corncob, and leaf of corncob, respectively.

ACKNOWLEDGMENTS

This research was supported by the National Natural Science Foundation of China
(31900009), the Science and Technology Project of Hebei Education Department
(BJK2022052), the Fundamental Research Funds for the Universities in Hebei Province
(JYQ202201 & JYQ201901), and the Top-notch Youth Project of Langfang City, China.

REFERENCES CITED

Agrawal, K., Chaturvedi, V., and Verma, P. (2018). “Fungal laccase discovered but yet
undiscovered,” Bioresources and Bioprocessing 5, article no. 4. DOI:
10.1186/s40643-018-0190-z

An, Q., Han, M. L., Bian, L. S., Han, Z. C., Han, N., Xiao, Y. F., and Zhang, F. B.
(2020). “Enhanced laccase activity of white rot fungi induced by different metal ions
under submerged fermentation,” BioResources 15(4), 8369-8383. DOI:
10.15376/biores.15.4.8369-8383

An, Q., Han, M. L., Wu, X. J., Si, J., Cui, B. K., Dai, Y. C., and Wu, B. (2016). “Laccase
production among medicinal mushrooms from the genus Flammulina
(Agaricomycetes) under different treatments in submerged fermentation,”
International Journal of Medicinal Mushrooms 18(11), 1049-1059. DOI:
10.1615/IntIMedMushrooms.v18.i11.90

An, Q., Li, C., Yang, J,, Chen, S., Ma, K., Wu, Z., Bian, L., and Han, M. (2021a).
“Evaluation of laccase production by two white-rot fungi using solid-state
fermentation with different agricultural and forestry residues,” BioResources 16(3),

An et al. (2023). “Agroindustrial waste,” BioResources 18(1), 570-583. 578


javascript:;
javascript:;
javascript:;
javascript:;

PEER-REVIEWED ARTICLE b | oresources.com

5287-5300. DOI: 10.15376/biores.16.3.5287-5300

An, Q., Shi, W. Y., He, Y. X., Hao, W. Y., Ma, K. Y., Chen, X., Yan, X. Y., Bian, L. S,
Li, C. S., and Han, M. L. (2021b). “Evaluation of the capacity of laccase secretion of
four novel isolated white-rot fungal strains in submerged fermentation with
lignocellulosic biomass,” BioResources 16(4), 6706-6722. DOI:
10.15376/biores.16.4. 6706-6722

Atilano-Camino, M. M., Alvarez-Valencia, L. H., Garcia-Gonzalez, A., and Garcia-
Reyes, R. B. (2020). “Improving laccase production from Trametes versicolor using
lignocellulosic residues as cosubstrates and evaluation of enzymes for blue
wastewater biodegradation,” Journal of Environmental Management 275, article no.
111231. DOI: 10.1016/j.jenvman.2020.111231

Baldrian, P. (2006). “Fungal laccases - Occurrence and properties,” FEMS Microbiology
Reviews 30(2), 215-242. DOI: 10.1111/j.1574-4976.2005.00010.x

Bertrand, B., Martinez-Morales, F., and Trejo-Hernandez, M. R. (2017). “Upgrading
laccase production and biochemical properties: Strategies and challenges,”
Biotechnology Progress 33(4), 1015-1034. DOI: 10.1002/btpr.2482

Birhanli, E, and Yesilada, O. (2010). “Enhanced production of laccase in repeated-batch
cultures of Funalia trogii and Trametes versicolor,” Biochemical Engineering
Journal 52(1), 33-37. DOI: 10.1016/j.bej.2010.06.019

Birhanli, E., and Yesilada, O. (2013). “The utilization of lignocellulosic wastes for
laccase production under semisolid-state and submerged fermentation conditions,”
Turkish Journal of Biology 37(4), 450-456. DOI: 10.3906/biy-1211-25

Bourbonnais, R., and Paice, M. G. (1990). “Oxidation of non-phenolic substrates-an
expanded role for laccase in lignin biodegradation,” FEBS Letters 267(1), 99-102.
DOI: 10.1016/0014-5793(90)80298-W

Choi, J. H., Park, S. Y., Kim, J. H., Cho, S. M., Fang, S. K., Hong, C., and Choi, I. G.
(2019). “Selective deconstruction of hemicellulose and lignin with producing
derivatives by sequential pretreatment process for biorefining concept,” Bioresource
Technology 291, article no. 121913. DOI: 10.1016/j.biortech.2019.121913

Couto, S. R., and Sanroman, M. A. (2005). “Application of solid-state fermentation to
ligninolytic enzyme production,” Biochemical Engineering Journal 22(3), 211-219.
DOI: 10.1016/j.bej.2004.09.013

Couto, S. R., and Toca-Herrera, J. L. (2007). “Laccase production at reactor scale by
filamentous fungi,” Biotechnology Advances 25(6), 558-569. DOI:
10.1016/j.biotechadv.2007.07.002

Deska, M., and Konczak, B. (2019). “Immobilized fungal laccase as "green catalyst" for
the decolourization process - state of the art,” Process Biochemistry 84, 112-123.
DOI: 10.1016/j.prochio.2019.05.024

Dinis, M. J., Bezerra, R. M. F., Nunes, F., Dias, A. A., Guedes, C. V., Ferreira, L. M. M.,
Cone, J. W., Marques, G. S. M., Barros, A. R. N., and Rodrigues, M. A. M. (2009).
“Modification of wheat straw lignin by solid state fermentation with white-rot fungi,”
Bioresource Technology 100(20), 4829-4835. DOI: 10.1016/j.biortech.2009.04.036

Elisashvili, V., Kachlishvili, E., and Penninckx, M. (2008a). “Effect of growth substrate,
method of fermentation, and nitrogen source on lignocellulose-degrading enzymes
production by white-rot basidiomycetes,” Journal of Industrial Microbiology &
Biotechnology 35(11), 1531-1538. DOI: 10.1007/s10295-008-0454-2

An et al. (2023). “Agroindustrial waste,” BioResources 18(1), 570-583. 579



PEER-REVIEWED ARTICLE b | oresources.com

Elisashvili, V., Penninckx, M., Kachlishvili, E., Tsiklauri, N., Metreveli, E., Kharziani,
T., and Kvesitadze, G. (2008b). “Lentinus edodes and Pleurotus species
lignocellulolytic enzymes activity in submerged and solid-state fermentation of
lignocellulosic wastes of different composition,” Bioresource Technology 99(3), 457-
462. DOI: 10.1016/j.biortech.2007.01.011

Elissetche, J., Ferraz, A., Freer, J., and Rodriguez, J. (2007). “Enzymes produced by
Ganoderma australe growing on wood and in submerged cultures,” World Journal of
Microbiology and Biotechnology 23, 429. DOI: 10.1007/s11274-006-9243-0

Gaikwad, A., and Meshram, A. (2019). “Effect of particle size and mixing on the laccase-
mediated pretreatment of lignocellulosic biomass for enhanced saccharification of
cellulose,” Chemical Engineering Communications 207(12), 1696-1706. DOI:
10.1080/00986445.2019.1680364

Gujjala, L. K. S., Bandyopadhyay, T. K., and Banerjee, R. (2019). “Production of
biodiesel utilizing laccase pretreated lignocellulosic waste liquor: An attempt towards
cleaner production process,” Energy Conversion and Management 196, 979-987.
DOI: 10.1016/j.enconman.2019.06.036

Guo, C. L., Zhao, L. T., Wang, F., Lu, J., Ding, Z. Y., and Shi, G. Y. (2017). “Beta-
carotene from yeasts enhances laccase production of Pleurotus eryngii var. ferulae in
co-culture,” Frontiers in Microbiology 8, article no. 1101. DOI:
10.3389/fmich.2017.01101

Gupta, A., and Jana, A. K. (2019). “Production of laccase by repeated batch semi-solid
fermentation using wheat straw as substrate and support for fungal growth,”
Bioprocess and Biosystems Engineering 42(3), 499-512. DOI: 10.1007/s00449-018-
2053-6

Habimana, P., Gao, J., Mwizerwa, J. P., Ndayambaje, J. B., Liu, H. R., Luan, P. Q., Ma,
L., and Jiang, Y. J. (2021). “Improvement of laccase activity via covalent
immobilization over mesoporous silica coated magnetic multiwalled carbon
nanotubes for the discoloration of synthetic dyes,” ACS Omega 6(4), 2777-2789.
DOI: 10.1021/acsomega.0c05081

Han, M. L., An, Q., Wu, X. J., Zheng, F., and Si, J. (2017). “Effects of different
lignocellulose as inducers on laccase activities of Pleurotus ostreatus in submerged
fermentation,” Mycosystema 36(3), 349-357. DOI: 10.13346/j.mycosystema.160055

Han, M. L., Chen, Y. Y., Shen, L. L., Song, J., Vlasék, J., Dai, Y. C., and Cui, B. K.
(2016). “Taxonomy and phylogeny of the brown-rot fungi: Fomitopsis and its related
genera,” Fungal Diversity 80(1), 343-373. DOI: 10.1007/s13225-016-0364-y

Han, M. L., Bian, L. S., Zhang, Y., Zhu, M., and An, Q. (2021a). “Pseudolagarobasidium
baiyunshanense sp. nov. from China inferred from morphological and sequence
analyses,” Phytotaxa 483(2), 169-176. DOI: 10.11646/phytotaxa.483.2.9

Han, M. L., Yang, J., Liu, Z. Y., Wang, C. R., Chen, S. Y., Han, N., Hao, W. Y., An, Q.,
and Dai, Y. C. (2021b). “Evaluation of laccase activities by three newly isolated
fungal species in submerged fermentation with single or mixed lignocellulosic
wastes,” Frontiers in Microbiology 12, article no. 682679. DOI:
10.3389/fmich.2021.682679

Howard, R. L., Abotsi, E., Jansen van Rensburg, E. L., and Howard, S. (2003).
“Lignocellulose biotechnology: issues of bioconversion and enzyme production,”
African Journal of Biotechnology 2(12), 602-619.

An et al. (2023). “Agroindustrial waste,” BioResources 18(1), 570-583. 580



PEER-REVIEWED ARTICLE b | oresources.com

Huang, L., Sun, N., Ban, L., Wang, Y., and Yang, H. P. (2019). “Ability of different
edible fungi to degrade crop straw,” AMB Express 9, article no. 4. DOI:
10.1186/s13568-018-0731-z

Hu, X., Wang, C. Y., Wang, L., Zhang, R. R., and Chen, H. (2014). “Influence of
temperature, pH and metal ions on guaiacol oxidation of purified laccase from
Leptographium ginlingensis,” World Journal of Microbiology and Biotechnology
30(4), 1285-1290. DOI: 10.1007/s11274-013-1554-3

Ikubar, M. R. M., Manan, M. A., Salleh, M. M., and Yahya, A. (2018). “Solid-state
fermentation of oil palm frond petiole for lignin peroxidase and xylanase-rich cocktail
production,” 3 Biotech 8(5), 259. DOI: 10.1007/s13205-018-1268-1

Jaya Mary, J., Karthik, C., Smita, G. R., Kumar, S., Prabakar, D., Kadirvelu, K., and
Pugazhendhi, A. (2018). “Biological approaches to tackle heavy metal pollution: A
survey of literature,” Journal of Environmental Management 217, 56-70. DOI:
10.1016/j.jenvman.2018.03.077

Kudanga, T., Nemadziva, B., and Le Roes-Hill, M. (2017). “Laccase catalysis for the
synthesis of bioactive compounds,” Applied Microbiology and Biotechnology 101(1),
13-33. DOI: 10.1007/s00253-016-7987-5

Leite, P., Silva, C., Salgado J. M., and Belo, I. (2019). “Simultaneous production of
lignocellulolytic enzymes and extraction of antioxidant compounds by solid-state
fermentation of agro-industrial wastes,” Industrial Crops and Products 137, 315-322.
DOI: 10.1016/j.indcrop.2019.04.044

Liu, C. J., Zhang, W. J., Qu, M. R, Pan, K., and Zhao, X. H. (2020a). “Heterologous
expression of laccase from Lentinula edodes in Pichia pastoris and its application in
degrading rape straw,” Frontiers in Microbiology 11, 1-10. DOI:
10.3389/fmich.2020.01086

Liu, Y., Luo, G., Ngo, H. H., Guo, W. S., and Zhang, S. C. (2020b). “Advances in
thermostable laccase and its current application in lignin-first biorefinery: A review,”
Bioresource Technology 298, article no. 122511. DOI:
10.1016/j.biortech.2019.122511

Liu, N., Shi, S., Gao, Y., and Qin, M. (2009). “Fiber modification of kraft pulp with
laccase in presence of methyl syringate,” Enzyme and Microbial Technology 44(2),
89-95. DOI: 10.1016/j.enzmictec.2008.10.014

Lizardi-Jimenez, M. A., Ricardo-Diaz, J., Quinones-Munoz, T. A., Hernandez-Rosas, F.,
and Hernandez-Martinez, R. (2019). “Fungal strain selection for protease production
by solid-state fermentation using agro-industrial waste as substrates,” Chemical
Papers 73(10), 2603-2610. DOI: 10.1007/s11696-019-00814-w

Malhotra, M., and Suman, S. K. (2021). “Laccase-mediated delignification and
detoxification of lignocellulosic biomass: removing obstacles in energy generation,”
Environmental Science and Pollution Research 28(42), 58929-58944. DOI:
10.1007/s11356-021-13283-0

Martin, K. D. G., Astrero, M. F. T., Mallari, L. A. N., and Hipol, R. M. (2021). “Activity
of laccase enzyme present in the phenol-contaminated sediments of the Marilao-
Meycauayan-Obando River System, Philippines,” Oriental Journal of Chemistry
37(1), 162-168. DOI: 10.13005/0jc/370122

Martinez, A. T., Camarero, S., Guillen, F., Gutierrez, A., Munoz, C., Varela, E.,
Martinez, M. J., Barrasa, J. M., Ruel, K., and Pelayo, J. M. (1994). “Progress in
biopulping of non-woody materials: chemical, enzymatic and ultrastructural aspects
of wheat straw delignification with ligninolytic fungi from the genus Pleurotus,”

An et al. (2023). “Agroindustrial waste,” BioResources 18(1), 570-583. 581



PEER-REVIEWED ARTICLE b | oresources.com

FEMS Microbiology Reviews 13(2-3), 265-274. DOI: 10.1111/j.1574-
6976.1994.tb00047.x

Mate, D. M., and Alcalde, M. (2017). “Laccase: A multi-purpose biocatalyst at the
forefront of biotechnology,” Microbial Biotechnology 10(6), 1457-1467. DOI:
10.1111/1751-7915.12422

Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y. Y., Holtzapple, M., and Ladisch,
M. (2005). “Features of promising technologies for pretreatment of lignocellulosic
biomass,” Bioresource Technology, 96(6), 673-686. DOI:
10.1016/j.biortech.2004.06.025

Munoz, C., Guillen, F., Martinez, A. T., and Martinez, M. J. (1997). “Induction and
characterization of laccase in the ligninolytic fungus Pleurotus eryngii,” Current
Microbiology 34(1), 1-5. DOI: 10.1007/s002849900134

Muthuvelu, K. S., Rajarathinam, R., Selvaraj, R. N., and Rajendren, V. B. (2020). “A
novel method for improving laccase activity by immobilization onto copper ferrite
nanoparticles for lignin degradation,” International Journal of Biological
Macromolecules 152, 1098-1107. DOI: 10.1016/j.ijbiomac.2019.10.198

Nawaz, A., Mukhtar, H., ul Hag, I., Mazhar, Z., and Mumtaz, M. W. (2019). “Laccase:
an environmental benign pretreatment agent for efficient bioconversion of
lignocellulosic residues to bioethanol,” Current Organic Chemistry 23(14), 1517-
1526. DOI: 10.2174/1385272823666190722163046

Nuskern, L., Tkalec, M., Srezovic, B., Jezic, M., Gacar, M., and Curkovic-Perica, M.
(2021). “Laccase activity in fungus Cryphonectria parasitica is affected by growth
conditions and fungal-viral genotypic interactions,” Journal of Fungi 7(11), article
no. 958. DOI: 10.3390/jof7110958

Philippoussis, A., Diamantopoulou, P., Papadopoulou, K., Lakhtar, H., Roussos, S.,
Parissopoulos, G., and Papanikolaou, S. (2011). “Biomass, laccase and endoglucanase
production by Lentinula edodes during solid state fermentation of reed grass, bean
stalks and wheat straw residues,” World Journal of Microbiology & Biotechnology
27(2), 285-297. DOI: 10.1007/s11274-010-0458-8

Rodrigues, E. M., Karp, S. G., Malucelli, L. C., Helm, C. V., and Alvarez, T. M. (2019).
“Evaluation of laccase production by Ganoderma lucidum in submerged and solid-
state fermentation using different inducers,” Journal of Basic Microbiology 59(8),
784-791. DOI: 10.1002/jobm.201900084

Sanchez, C. (2009). “Lignocellulosic residues: Biodegradation and bioconversion by
fungi,” Biotechnology Advances 27(2), 185-194. DOI:
10.1016/j.biotechadv.2008.11.001

Srinivasan, P., Selvankumar, T., Kamala-Kannan, S., Mythili, R., Sengottaiyan, A.,
Govarthanan, M., Senthilkumar, B., and Selvam, K. (2019). “Production and
purification of laccase by Bacillus sp. using millet husks and its pesticide degradation
application,” 3 Biotech 9(11), article no. 396. DOI: 10.1007/s13205-019-1900-8

Stajic, M., Persky, L., Friesem, D., Hadar, Y., Wasser, S. P., Nevo, E., and VVukojevic, J.
(2006). “Effect of different carbon and nitrogen sources on laccase and peroxidases
production by selected Pleurotus species,” Enzyme and Microbial Technology 38(1-
2), 65-73. DOI: 10.1016/j.enzmictec.2005.03.026

Su, J.,, Fu, J. J.,, Wang, Q., Silva, C., and Cavaco-Paulo, A. (2018). “Laccase: A green
catalyst for the biosynthesis of poly-phenols,” Critical Reviews in Biotechnology
38(2), 294-307. DOI: 10.1080/07388551.2017.1354353

An et al. (2023). “Agroindustrial waste,” BioResources 18(1), 570-583. 582



PEER-REVIEWED ARTICLE b | oresources.com

Thamvithayakorn, P., Phosri, C., Pisutpaisal, N., Krajangsang, S., Whalley, A. J. S., and
Suwannasai, N. (2019). “Utilization of oil palm decanter cake for valuable laccase
and manganese peroxidase enzyme production from a novel white-rot fungus,
Pseudolagarobasidium sp. PP17-33,” 3 Biotech 9(11), article no. 417. DOI:
10.1007/s13205-019-1945-8

Unuofin, J. O., Okoh, A. I., and Nwodo, U. U. (2019a). “Maize stover as a feedstock for
enhanced laccase production by two gamma proteobacteria: A solution to
agroindustrial waste stockpiling,” Industrial Crops and Products 129, 611-623. DOI:
10.1016/j.indcrop.2018.12.043

Unuofin, J. O., Okoh, A. I., and Nwodo, U. U. (2019b). “Utilization of agroindustrial
wastes for the production of laccase by Achromobacter xylosoxidans HWN16 and
Bordetella bronchiseptica HSO16,” Journal of Environmental Management 231, 222-
231. DOI: 10.1016/j.jenvman.2018.10.016

Wang, F., Xu, L., Zhao, L. T., Ding, Z. Y., Ma, H. L., and Terry, N. (2019). “Fungal
laccase production from lignocellulosic agricultural wastes by solid-state
fermentation: A review,” Microorganisms 7(12), article no. 665. DOI:
10.3390/microorganisms7120665

Xu, S., Wang, F., Fu, Y. P., Li, D., Sun, X. Z., Li, C. T, Song, B., and Li, Y. (2020).
“Effects of mixed agro-residues (corn crop waste) on lignin-degrading enzyme
activities, growth, and quality of Lentinula edodes,” RSC Advances 10(17), 9798-
9807. DOI: 10.1039/c9ra10405d

Yan, L. L., Xu, R. P., Bian, Y. B., Li, H. X., and Zhou, Y. (2019). “Expression profile of
laccase gene family in white-rot basidiomycete Lentinula edodes under different
environmental stresses,” Genes 10(12), article no. 1045. DOI:
10.3390/genes10121045

Yang, J., Li, W.J.,Ng, T. B., Deng, X. Z., Lin, J., and Ye, X. Y. (2017). “Laccases:
Production, expression regulation, and applications in pharmaceutical
biodegradation,” Frontiers in Microbiology 8, article no. 832. DOI:
10.3389/fmich.2017.00832

Yashas, S. R., Shivakumara, B. P., Udayashankara, T. H., and Krishna, B. M. (2018).
“Laccase biosensor: Green technique for quantification of phenols in wastewater (a
review),” Oriental Journal of Chemistry 34(2), 631-637. DOI: 10.13005/0jc/340204

Zerva, A., Simic, S., Topakas, E., and Nikodinovic-Runic, J. (2019). “Applications of
microbial laccases: Patent review of the past decade (2009-2019),” Catalysts 9(12),
article no. 1023. DOI: 10.3390/catal9121023

Zhang, Q., Zhao, L. T., Li, Y. R., Wang, F., Li, S., Shi, G. Y., and Ding, Z. Y. (2020).
“Comparative transcriptomics and transcriptional regulation analysis of enhanced
laccase production induced by co-culture of Pleurotus eryngii var. ferulae with
Rhodotorula mucilaginosa,” Applied Microbiology and Biotechnology 104(1), 241-
255. DOI: 10.1007/s00253-019-10228-z

Zhang, Q., Yuan, C., Wang, F., Xu, S., Li, Y. R., Shi, G. Y., and Ding, Z. Y. (2021).
“Roles of small subunits of laccase (ssSPOXA3a/b) in laccase production by Pleurotus
eryngii var. ferulae,” Journal of Agricultural and Food Chemistry 69(44), 13113-
13124. DOI: 10.1021/acs.jafc.1c04777

Avrticle submitted: July 7, 2022; Peer review completed: September 24; Revised version
received and accepted: November 8, 2022; Published: November 17, 2022.
DOI: 10.15376/biores.18.1.570-583

An et al. (2023). “Agroindustrial waste,” BioResources 18(1), 570-583. 583



