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Abstract

Fungal laccase is a robust enzyme with broad specificity and applicability in industrial processes. The successful use of
enzymes requires large scale production within a short time. As laccase production is highly dependent on medium com-
ponents and cultural conditions, the optimization of the same is essential for enhancement of its production efficiency. The
objectives of present study were to screen litter dwelling fungi for their laccase production and optimize the culture conditions
for hyper-production of laccase. A total of 58 fungal isolates were procured from 25 litter samples of plant origin collected
from the Western Ghats of Karnataka, India. Among these, five including Mucor circinelloides GL1, Fusarium oxysporum
GL2, F. oxysporum GL3, F. verticillioides GL5 and Ceriporiopsis sp. PA1 were selected for optimization studies based on
their laccase producing ability. Maximum production was noticed in the optimized culture media and conditions compared
to minimal media. Enhanced laccase production was observed by incubating them in optimized media at 28 °C for 8 days at
150 rpm. The laccase enzyme was purified from M. circinelloides GL1 using series of purification steps. The purified enzyme
was a monomeric protein band with an apparent molecular weight of about 40 kDa. The present study reported that an indig-
enous litter dwelling fungus M. circinelloides GL1 found to be efficacious laccase producer in comparison to other isolates
tested in this study. Therefore, it can further be utilized as a better biocatalyst in pertinent biotechnological applications.
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Introduction

Laccase (EC 1.10.3.2) is a blue multicopper phenol-oxidase
that catalyzes the oxidation of several aromatic and inor-
ganic compounds in lignin (mainly phenolic compounds)
resulting in the reduction of oxygen (O,) to water (H,0)
(Majcherczyk et al. 1998; Bhamare et al. 2018). It has a
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wide array of substrates which can be used for the industrial
applications and bioremediation of pollutants. The capabil-
ity of laccase in degradation of lignocellulosic materials is
improved by the addition of natural or synthetic compounds,
such as 3-hydroxyanthranilic acid (3HA) and 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), respec-
tively, which act as the redox mediators. Laccase enzyme
generates phenoxy free radicals in presence of redox media-
tors leading to cleavage of the polymers (Murugesan et al.
2010; Arregui et al. 2019). It has been intensely studied for
the degradation of diverse recalcitrant compounds such as
lignin-related structures, chlorophenols, polycyclic aromatic
hydrocarbons, phenols, azo dyes and organophosphorus
compounds (Abadulla et al. 2000; Saratale et al. 2009). In
global enzyme market, it is valued at $2965.6 million in
2020 and is expected to reach about $2850 million by the
end of 2026 with growth at the compounded annual growth
rate (CAGR) of —0.66% from 2021 to 2026 (Global Lac-
case Market Research Report 2020). The fungal laccase is
used in several industries for the delignification and pro-
duction of bioethanol and other value-added products, and
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bioremediation of chemical pollutants (Upadhyay et al.
2016; Bhamare et al. 2018).

Laccase activity is mainly studied in several wood-rotting
fungi which are reported as its leading producers (Valdskova
and Baldrian 2006; Arora and Sharma 2010; Brijwani et al.
2010). Even though, fungal wood decomposers are very well
known to produce laccase, most of them show rather low
rates of growth, colonization and laccase producing ability
under the competitive environmental conditions. In this con-
text, litter dwelling fungi that inhabit the particular natural
environment of soil-litter layers are representing a promising
alternative to wood decomposing fungi (Chhaya and Gupte
2013). Laccase production is reported in some litter dwelling
fungi and exploited in the pertinent biotechnological appli-
cations especially in lignin degradation (Chhaya and Gupte
2010; Chhaya and Gupte 2013). The application of fungal
laccase in biotechnological industries requires its production
in huge amount at relatively low cost. Therefore, the present
research work is concerned towards the exploration of an
efficient production system of laccase. Since, the secretion of
laccase by fungi depends on the particular strains and their
culture growing conditions, a greater number of fungi need
to be screened for their ability to degrade recalcitrant xeno-
biotic compounds (Kiiskinen et al. 2004; Zouari-Mechichi
et al. 2006).

The optimization of fermentation process in vari-
ous industrial purposes is the decisive target of research
to reduce enzyme production cost (Gassara et al. 2011).
Fungal laccase production is influenced by culture media
composition (Periasamy and Palvannan 2010; Chhaya
and Gupte 2013), fermentation factors (Couto et al. 2002)
and the presence of inducers and surfactants (Patel et al.
2009; Mahmoud et al. 2013). Hence, in the present study,
we focused on screening of litter dwelling fungi for their
laccase producing ability and optimize their culture growth
conditions for hyper-production of laccase. Besides, after
successful screening of fungi, the laccase enzyme was puri-
fied from Mucor circinelloides GL1 and characterized to
understand its properties toward its possible utility and prac-
tical applications.

Materials and methods
Collection of litter samples

A total of twenty-five different litter samples of plant origin
were collected from different locations of Kodagu district in
the Western Ghats of Karnataka, India, from October, 2015
to June, 2016. Each plant litter sample was collected from
three randomly selected sampling plots (5 X 5 m?) containing
different plantations in each location. First, the soil attached
on the surface of samples was removed and then, the samples
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were cut into small pieces. The pieces were placed directly
in the clean plastic bags marked with information including
the nature of sample, type of sample, dominant vegetation,
sample numbers, isolation sites, replicates number, etc. The
collected samples were immediately transfered to the labora-
tory and stored in the refrigerator (at 4 °C) and used for the
isolation of fungi.

Isolation of litter dwelling fungi

To isolate the litter dwelling fungi, 1 g of litter sample was
serially diluted in sterile distilled water (up to 10~7) and
spread plated onto the Petri plates containing sterile malt-
extract agar (MEA) medium amended with 0.5% tannic acid
used as the laccase detection system (Kiiskinen et al. 2004).
The plates were then incubated in an incubator for 3—5 days
at 28 +2 °C. The plates were regularly observed for the for-
mation of complete browning zone around fungal growth
(Bavendamm 1928). Through visual observation, the fungal
strains which formed a prominent reddish-brown coloured
zone around the colony in MEA plates were considered as a
positive for the oxidation of tannic acid. Among the strains,
those which showed the prominent zone were isolated and
used for further studies.

Screening of litter dwelling fungi for laccase activity

Laccase production was performed by adding a mycelial
plug (5 mm of diameter) of 7-days-old culture of each strain
to Erlenmeyer flask (250 ml) containing 100 ml of sterilized
malt-extract broth (MEB) amended with 0.01% of guaiacol
as a substrate. The flasks were then incubated in a rotary
shaker (at 150 rpm) for 12 day at 28 +2 °C. Atregular inter-
vals after incubation, the fungal mycelium was separated by
filtrating through a Whatman No. 1 filter paper. The culture
filtrate was harvested by centrifugation at 10,000 rpm at 4 °C
for 30 min. The supernatant thus obtained was subjected
to membrane filtration (0.45 um) and then used for laccase
assay. Laccase activity was assayed by examining the oxida-
tion of guaiacol according to the method described by Arora
and Sandhu (1985) and expressed as International Units (IU)
ml~! of culture filtrate.

Identification of laccase producing fungi

Morphological identification of selected laccase-produc-
ing fungi was performed by macroscopic and microscopic
analyses (Dugan 2006). The colony morphological, conidial,
fruiting bodies and culture characters of fungi were recorded
to assess their identity up to the genus level after 10-15 days
of incubation. The amplification and sequencing of fungal
18S ribosomal RNA gene were carried out to identify up
to species level. The nucleotide sequences were compared
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with the reference 18S ribosomal RNA gene sequence data
from fungal strains already published on the NCBI database
using BLAST search algorithm (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) as described by Altschul et al. (1997). The
sequences have been deposited to the GenBank nucleotide
collection and obtained the accession numbers. The phylo-
genetic tree was constructed using Molecular Evolutionary
Genetics Analysis (MEGA) X software by the neighbor-join-
ing (NJ) method with Kimura 2-parameter model (Kumar
et al. 2008).

Optimization of culture growth conditions
for hyper-production of laccase

In the laboratory, the culture growth conditions for hyper-
production of laccase by selected fungal isolates were opti-
mized concerning: different types of substrates, incubation
time, incubation temperature, pH of the media, source of
carbon and nitrogen, types of inducers and surfactants.

Optimization of substrate

Kraft lignin from Sigma-Aldrich and three different sub-
strates (such as wheat bran, rice bran and coffee bran) at
5 g 17! were used to check the suitable substrate for maxi-
mum laccase production. The fungal inoculum (a mycelial
plug of 5 mm diameter) was added to the flasks (250 ml)
containing 100 ml of minimal medium amended with
one of the solid substrates mentioned above. The mini-
mal medium was composed of glucose (10 g I7!), peptone
(2 g 1Y, KH,PO, (3 g 171), MgSO, (0.5 g I7!), Vitamin
B1 (0.02 g 17!, NaCl (0.1 g 17"), CaCl, (0.01 g 17!) at pH
8.5 and supplemented with different substrates. The non-
inoculated media added with each substrate were incubated
in parallel and used as the negative controls. The flasks were
then incubated at 28 +2 °C for 12 day in orbital shaking
condition (at 150 rpm). At the end of incubation, the broth
cultures were harvested and treated as above before laccase
activity determination. The lignin (5 g 17") turned out to be
the best substrate for maximum laccase production and thus,
it was used for further optimization studies.

Effect of incubation time, temperature and pH
of the media

The optimum incubation time was estimated by growing
the fungi in the flasks containing minimal medium supple-
mented with lignin along with non-inoculated media (as a
negative control). The flasks were then incubated for 12 d
at 28 +2 °C in shaking (at 150 rpm) and stationary condi-
tions separately. The cultures were harvested for every 2 d of
intervals up to 12 d of incubation as explained above.

Optimum temperature was estimated by incubating the
fungal inoculated and non-inoculated media at various tem-
peratures (20, 28, 35 and 45 °C) for 8 d at 150 rpm. At the
end of incubation, the cultures were harvested as explained
above.

Optimum pH of the media was also estimated by grow-
ing the fungi in the flasks containing media with varied pH
(4-10) adjusted using 0.1 N HCI and 0.1 N NaOH. The non-
inoculated media with varied pH were taken as the negative
controls. The flasks were then incubated for 8 d at 28 °C
with shaking at 150 rpm. After incubation period, the cul-
tures were harvested as described above.

Effect of sources of carbon and nitrogen

Different carbon sources (such as glucose, lactose, maltose
and soluble starch) and nitrogen sources (such as peptone,
malt extract, yeast extract, ammonium nitrate, ammonium
sulfate and sodium nitrate) were used as co-substrates at
10 g 17! each (based on the preliminary studies, Supplemen-
tary Table 1) to investigate their effects on laccase produc-
tion. Each fungal isolate was inoculated on to lignin-con-
taining minimal media (pH 6) supplemented with different
sources of carbon and nitrogen. The media amended with
different sources of carbon and nitrogen without fungal inoc-
ulation were taken as the negative controls for the respective
media. The flasks were then incubated for 8 days at 28 °C in
shaking at 150 rpm. At the end of incubation, the cultures
were harvested as described above.

Effect of inducers

Different inducers (such as veratryl alcohol, manganese sul-
fate, guaiacol and copper sulfate) at 0.03 g 17! each (based
on the preliminary studies, Supplementary Table 1) were
used to investigate their effects on laccase production. Each
fungal strain was inoculated on to the lignin-containing
minimal media (pH 6) supplemented with different induc-
ers, glucose (carbon source) and peptone (nitrogen source).
The media supplemented with different inducers, glucose
and peptone without fungal inoculation were used as the
negative controls for the respective media. The flasks were
then incubated in shaking condition (at 150 rpm) at 28 °C.
The enzyme was extracted as described above after 8 d of
incubation.

Effect of surfactants

Different surfactants (such as Tween 20, Tween 40,
Tween 80 and sodium dodecyl sulfate (SDS)) at 0.15 g 17!
each (based on the preliminary studies, Supplementary
Table 1) were used to investigate their effects on laccase
production. Each fungal isolate was inoculated on to the
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lignin-containing minimal media (pH 6) supplemented
with different surfactants, glucose (carbon source), peptone
(nitrogen source) and copper sulfate (inducer). The media
supplemented with different surfactants, glucose, peptone
and copper sulfate without fungal inoculation were taken
as the negative controls for the respective media. The flasks
were then incubated for 8 d at 28 °C in shaking condition.
The enzyme was extracted at the end of incubation period
as explained above.

Optimized culture media and conditions
for hyper-production of laccase

The optimized medium comprised of 5 g 17! lignin, 10 g 17!
glucose, 10 g 17! peptone, 3 g 17! KH,PO,, 0.5 g 17! MgSO,,
0.02 g 17! Vitamin B,, 0.1 g 17! NaCl, 0.01 g I"! CaCl,,
0.03 g 17! copper sulfate and 0.15 g 1= Tween 80. The pH of
medium was adjusted to 6 using 0.1 N HCI. The fungi were
grown in the optimized conditions (at 28 °C and 150 rpm)
for the production of laccase. The optimized medium incu-
bated without fungal inoculation was used as a negative con-
trol. The enzyme was extracted for every 2 day of intervals
up to 12 day of incubation as described above.

Partial purification of laccase enzyme from M.
circinelloides GL1

M. circinelloides GL1 was grown in the optimized media
and conditions mentioned above. The enzyme was extracted
at the end of 8 d as explained above. The crude extract was
used to purify the enzyme and to determine its activity and
molecular weight.

Ammonium sulfate precipitation and dialysis

Crude extract extracted from 8 d old M. circinelloides GL1
culture was added with ammonium sulfate up to 80% satura-
tion, left overnight at low temperature, and then centrifuged
(10,000 % g) at 4 °C for 10 min. The pellet obtained was dis-
solved in minimum required sodium acetate buffer (100 mM,
pH 5) and dialyzed overnight (cut-off, 12-14 kDa).

Gel filtration chromatography (GFC)

The enzyme was purified with the gel filtration chroma-
tography (GFC) on the DEAE Sephadex G-75 column
(1.5 cm X 30 cm). The column was equilibrated first and
eluted at a flow rate of 0.2 ml min~! with sodium acetate
buffer (100 mM, pH 5). The protein content (Bradford 1976)
and laccase activity of each fraction were determined.
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lon exchange chromatography

The fractions with highest laccase activity were pooled and
subjected to ion exchange chromatography on the DEAE
Sephadex A-50 column (1.5 cm X 30 cm) with 25 ml bed
volume already equilibrated with same buffer used in GFC.
Continuous linear salt gradients from 0.1 to 1 M NaCl were
applied and the fractions were collected at above mentioned
flow rate. The protein content and laccase activity of each
fraction were evaluated. The fractions with highest laccase
activity were pooled together, concentrated and then stored
in refrigerator (at 4 °C) for further analysis.

Determination of molecular weight

The dialyzed sample and purified enzyme were exposed to
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) on 12% gel. The SDS-PAGE was carried out
to find out the purity and approximate molecular weight of
the enzyme as per the modified method of Laemmli (1970).
The protein bands were observed by silver staining (Blum
et al. 1987). Molecular weight was found out by comparing
with the low molecular weight protein marker; phosphory-
lase b (94 kDa), bovine serum albumin (67 kDa), chicken
egg white ovalbumin (43 kDa), bovine erythrocyte carbonic
anhydrase (30 kDa), soybean trypsin inhibitor (20.1 kDa)
and a-lactalbumin (14.4 kDa).

Characterization of laccase enzyme
Effect of temperature

Optimum temperature for the maximum activity of purified
enzyme was evaluated by carrying out the enzymatic assays
at different temperatures from 10 to 70 °C. Specific activity
was investigated by pre-incubating the purified enzyme in
sodium acetate buffer (100 mM, pH 5) with 5 mM guaiacol
as a substrate at different temperatures ranging from 10 to
70 °C with regular interval of 5 °C for a period of 1 h. After
incubation, percentage of residual activity was determined
after considering the maximum specific activity found at
25 °C as 100% activity.

Effect of pH

Optimum pH for the maximum activity of purified enzyme
was evaluated by carrying out the enzymatic assays at dif-
ferent pH levels (2.5-11). The different levels of pH were
adjusted using the following 100 mM buffer solutions with
5 mM guaiacol: glycine HCI buffer solution (pH 2.5-3),
sodium acetate buffer solution (pH 3.5-6), sodium phos-
phate buffer solution (pH 6.5-8), Tris—HCl buffer solution
(pH 8.5-9) and sodium carbonate-sodium bicarbonate buffer



Environmental Sustainability (2020) 3:481-495

485

solution (pH 9.5-11). The effect of pH on specific activity
was evaluated by incubating the purified enzyme in respec-
tive buffer solutions containing 5 mM guaiacol with differ-
ent pH levels at 25 °C for 1 h. After incubation, percentage
of residual activity was determined after considering the
maximum specific activity found in sodium acetate buffer
(100 mM, pH 5) as 100% activity.

Effect of metal ions

The effect of different metal ions (such as 1 mM of MgSO,,
MnCl,, FeCl;, CaCl, and BaCl,) on the activity of purified
enzyme was evaluated by adding them into sodium acetate
buffer (100 mM, pH 5) prior to addition of 5 mM guaiacol.
The specific activity was estimated after the period of 1 h
incubation of the purified enzyme in the buffer containing
the metal ions at 25 °C (Forootanfar et al. 2011). The percent
relative activity was determined after considering the spe-
cific activity without any metal ion as 100% activity.

Statistical analysis

Each experiment was carried out with triplicates and
repeated three times. The experimental data were analyzed
statistically by subjecting to analysis of variance (ANOVA)
(arcsine transformation and analysis of variance) using IBM
SPSS Statistics, version 23 (Wagner 2016). Significant dif-
ferences observed between the treatments mean were deter-
mined by HSD (highest significant difference) using Tukey’s
test level at P <0.05.

Results
Isolation of litter dwelling fungi
A total of 58 fungal isolates were obtained from 25 diverse

litter samples collected from different localities of Kodagu
district in the Western Ghats of Karnataka, India. The fungal

strains were isolated on the basis of appearance of reddish
brown coloured zone around their colony growth on MEA
plates supplemented with tannic acid.

Screening of litter dwelling fungi for laccase activity

Among 58 fungal isolates, maximum production of laccase
(1.7 TU ml~!) was exhibited by the isolate GL1 which was
considered as 100% of production. Apart from this, other
four potential isolates such as GL2, GL3, GLS5 and PA1
which selected for further optimization studies showed lac-
case activity of 1.62, 1.34, 1.67 and 0.61 TU ml™!, respec-
tivley (Fig. 1).

Identification of laccase producing fungi

The selected laccase producing fungal isolates were identi-
fied up to genus level by the morphological characters of
the respective colonies in pure cultures (Data not shown).
In addition, the outcome of the BLAST and phylogenetic
analyses (combined with morphology of colonies) revealed
that the isolate GL1 corresponds to M. circinelloides, iso-
lates GL2, GL3 and GL5 to Fusarium sp. and isolate PA1 to
Ceriporiopsis sp. (Table 1, Fig. 2). The nucleotide sequences
were deposited in GenBank database and the accession
numbers are mentioned in Table 1. Thus, the five poten-
tial isolates M. circinelloides GL1, F. oxysporum GL2, F.
oxysporum GL3, F. verticillioides GL5 and Ceriporiopsis
sp. PA1 were used to optimize the fungal culture conditions
for hyper-production of laccase.

Optimization of substrate

The selected fungal isolates exhibited an laccase production
in all substrates used. However, the highest laccase activity
was observed at 5 g 17! of kraft lignin supplemented media in
the fungal treatments(Fig. 3). M. circinelloides GL1 signifi-
cantly showed the maximum laccase activity of 1.72 IU ml~!
and followed by F. verticillioides GL5 (1.67 IU ml™!) in

Table 1 Overview of sampling of litter samples of plant origin and laccase producing litter dwelling fungi used in the present study

Geographic coordinates

Organism

Accession number

Isolate code Dominant vegetation Type of litter Location
GL1 Banana plantation Tree leaves Madikeri
GL2 Garden area Tree leaves Madikeri
GL3 Coffee plantation Tree leaves Palur

GLS5 Forest area Wood debris  Tala Kaveri
PA1 Areca nut plantation  Tree leaves Sampaje

Latitude: 12° 25'27.9" N

Longitude: 75° 44’ 17.4" E

Latitude: 12° 25" 27.9" N

Longitude: 75° 44’ 17.4" E

Latitude: 12° 20" 27.9" N
Longitude: 75° 42" 1.3" E
Latitude: 12° 23" 4.3" N

Longitude: 75° 29' 48.2" E

Latitude: 12° 30" 11.5" N

Longitude: 75° 31’ 59.6" E

Mucor circinelloides

Fusarium oxysporum

Fusarium oxysporum

Fusarium verticillioides

Ceriporiopsis sp.

MF458974

MF458975

MF458976

MF458977

MG923001
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Laccase Laccase

Strain Strain Bty

GL1 FL1-7

GL1-1 FL1-8

GL2 FL1-9

GL2-1 FL2

GL2-2 FL2-1

GL2-3 FL2-2

GL3 FL2-3

GL3-1 FL2-4

GL3-2 FL2-5

GL3-3 GL4

GL3-4 GLS i

GL3-5 GL6

GL3-6 GL7

GL3-7 GL8

GL3-8 GL9

GL3-9 GL10

GL3-10 GL11

GL3-11 GL12

GL3-12 GL13

GL3-13 GL14

GL3-14 GL15

GL3-15 PA1

FL1 PA2

FL1-1 PA3

FL1-2 PA4

FL1-3 PA5

FL1-4 CL1

FL1-5 CL2

FL1-6 CL3
| e
A A
0% 100%

Fig. 1 Laccase activity of litter dwelling fungi. The color intensity is
varied by considering the highest laccase activity of M. circinelloides
GL1 as 100% activity

lignin supplemented medium when compared to other iso-
lates. Hence, lignin (5 g 1) was considered to be an appro-
priate substrate for maximum production of laccase.

Effect of incubation time

Significant differences in laccase activity were examined
irrespective of fungal isolate at different incubation time
intervals from O to 12 d in both shaking and stationary con-
ditions (Fig. 4). A significantly lowered laccase production
was observed in stationary cultures as compared to shaken
ones. Regardless of the fungal isolate and agitation condi-
tions, the production increased with increasing incubation
time up to 8 d from inoculation, as shown in Fig. 4.
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Mucor circinelloides FJ-M-1 (KM527227)
Mucor circinelloides LMSA 1.09.192 (JF723655)
Mucor circinelloides NRRL 54372 (HQ845293)
Mucor circinelloides LMSA 1.09.200 (JF723654)
Mucor circinelloides CBS 195.68 (JF723652)
A Mucor circinelloides GL-1 (MF458974)
Mucor fragilis LMSA 1.09.199 (JF723644)
Mucor velutinosus LMSA 1.09.191 (JF723647)
Mucor ramosissimus PSF2 (EU590664)
LMSA 1.09.185 (JF723662)

Mucor spi

B Fusarium oxysporum ZW-21 (JQ926985)
Fusarium oxysporum K9 (JF807401)

Fusarium proliferatum PF3 (MF522215)

86 | Fusarium oxysporum J9 (KU095077)

Fusarium oxysporum YuZhul (KU512835)

38 Fusarium oxysporum X29 (KU350748)
Fusarium oxysporum 8-11P (KC143070)
Fusarium verticillioides 7600 (XR 001989355)
A Fusarium verticillioides GL-5 (MF458977)
76§ Fusarium oxysporum NRC 2017 (MF622083)
521 |- Fusarium oxysporum KSA-EGY-16 (KX015960)
A Fusarium oxysporum GL-2 (MF458975)
A Fusarium oxysporum GL-3 (MF458976)

| Fusarium verticillioides TA pinkl (LT853256)
£ 1008 Fusarium verticillioides TA doublecycles (LT853257)

90| Ceriporia lacerata NIBRFG0000114712 (JN618335)
Ceriporia lacerata (AB0845835)

A Ceriporiopsis sp. PAI (MG923001)

Ceriporiopsis sp. s12-2 (EU670846)

Irpex lacteus strain F17 (MF190370)

Ceriporia purpurea (AB084586)
ad Ceriporia purpurea (CPU59065)
Ceriporia tarda (AB084591)

Ceriporia reticulata (AB084587)
Ceriporia viridans (AB084592)

Ceriporiopsis aneirina (AB084589)

0.0010

Fig.2 Phylogenetic tree analysis of laccase producing litter dwelling
fungi. a Mucor circinelloides GL1, b Fusarium oxysporum GL2, F.
oxysporum GL3 & F. verticillioides GL5 and ¢ Ceriporiopsis sp. PA1

Maximum laccase production was observed by M.
circinelloides GL1 (6.4 TU ml™!) followed by F. ver-
ticillioides GL5 (4.73 TU ml™") in shaking condition.
Whereas, in case of stationary conditions, maximum
activity (3.5 IU ml~") was showed at 8 d after inoculation
with M. circinelloides GL1, followed by F. verticillioides
GL5 (3.3 IU ml™!). Production significantly decreased
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Fig.3 Optimization of a suit- @ Cont
able substrate for laccase pro-
duction by litter dwelling fungi.
Laccase activity was performed
using the cultures harvested at
the end of 12 d of incubation.
Each value is the mean of three
replicates (n=3) and vertical
bars indicate the standard error
(SE +). Mean values followed
by the same letter(s) written
within the same substrate are
not different significantly (at
p<0.05) according to Tukey’s

Laccase activity (IU ml1)

HSD test
Lignin
7 B Control B M. circinelloides GL1
6 e
~
L 59 .
=
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Fig.4 Optimization of incubation time for laccase production by lit-
ter dwelling fungi in both shaking and stationary conditions. Laccase
activity was performed using the cultures harvested at every 2 d of
intervals up to 12 d of incubation. Each value is the mean of three

after that. Since, maximum production of laccase at 8 d
of incubation in shaking condition (150 rpm), it was con-
sidered to be optimum incubation time and condition for
laccase production. Therefore, these conditions were used
for further studies.
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HSD test

Effect of incubation temperature
Varied laccase production by the fungal isolates was
observed at a wide temperature range from 28 to 45 °C.

However, maximum activity was found out at 28 °C under
shaking conditions (Fig. 5a). The laccase activity was
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Fig.5 Optimization of incuba-
tion temperature (a) and pH of
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found to decrease below and above 28 °C of incubation
wherein the maximum laccase activity of 6.7 IU m1~! was
showed by M. circinelloides GL1 followed by F. verticil-
lioides GL5 (4.96 TU ml_l). Therefore, the incubation tem-
perature of 28 °C was observed and taken to be optimum
for maximum laccase production.

Effect of pH of the media

Varied laccase production by the fungal isolates was
observed at a wide range of pH of media (4—10). Maximum
laccase production by the fungal isolates was observed at
pH 6 under shaking conditions. However, laccase activity
was enhanced with the increase in pH of media from 4 to
6 and decreased after that (Fig. 5b). Maximum activity
(7.0 TU mI~!) was showed at pH 6 by M. circinelloides
GL1 followed by F. verticillioides GL5 (5.13 TU ml™).
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Effect of carbon source

All four carbon sources used as co-substrates significantly
increased laccase production irrespective of fungal isolates.
However, the results revealed that the highest laccase activ-
ity was recorded in glucose supplemented media (Fig. 6a).
The glucose supplementation into lignin-containing
media resulted in the maximum activity (9.0 TU m1™!) by
M. circinelloides GL1 followed by F. verticillioides GL5
(6.93 TU ml™"). Hence, glucose (10 g 17!} was considered to
be a suitable carbon source for maximum laccase production.

Effect of nitrogen source

All six nitrogen sources used improved laccase production
irrespective of fungal isolates. However, maximum activ-
ity was offered by supplementation of peptone (Fig. 6b).
The peptone supplementation into lignin-containing media
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Fig.6 Optimization of incuba- A

tion temperature (a) and pH

of the media (b) for laccase 10 1
production by litter dwelling
fungi. Each value is the mean
of three replicates (n=3) and
vertical bars indicate the stand-
ard error (SE +). Mean values
followed by the same letter(s)
written within the same carbon
and nitrogen source are not dif-
ferent significantly (at p <0.05)
according to Tukey’s HSD test
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significantly offered the maximum activity (10.56 IU mI~})
by M. circinelloides GL1 followed by F. verticillioides
GL5 (7.4 TU m1™"). Hence, peptone (10 g 17!) was consid-
ered to be a suitable nitrogen source for maximum laccase
production.

Effect of inducers

The different inducers tested significantly enhanced lac-
case production irrespective of fungal isolates. However,
the maximum activity was observed by supplementa-
tion of copper sulfate (Fig. 7a). The supplementation
of copper sulfate into lignin-containing media signifi-
cantly resulted in maximum activity (13.4 IU ml™!) by
M. circinelloides GL1 followed by F. verticillioides GL5
(10.46 TU m1™Y). Hence, copper sulfate (0.03 g 1Y was
considered to be a suitable inducer for maximum laccase
production.
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Effect of surfactants

Maximum laccase activity was recorded in Tween 80 supple-
mented media by all of the fungal isolates (Fig. 7b). Supple-
mentation of Tween 80 into lignin-containing media showed
maximum activity (16.4 IU ml~!) by M. circinelloides GL1
followed by F. verticillioides GL5 (13.4 TU ml™"). Hence,
Tween 80 (0.15 g 17!) was considered to be an appropriate
surfactant for maximum laccase production.

Optimized culture conditions for hyper-production
of laccase

Significant improvement was observed in laccase produc-
tion by selected fungal isolates grown in the optimized
production media and conditions when compared to mini-
mal media (Fig. 8). There was a significant increase in
laccase production optimized culture conditions with an
increase in incubation time and the maximum production
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Fig. 7 Effect of inducers (A)
and surfactants (B) on laccase
production with litter dwell- 16 -
ing fungi. Each value is the
mean of three replicates (n=3)
and vertical bars indicate the
standard error (SE ). Mean
values followed by the same
letter(s) written within the same
inducers and surfactants are

not different significantly (at

p <0.05) according to Tukey’s
HSD test
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was found after 8 d after inoculation in shaking conditions.
Laccase production decreased after that with increasing
time of incubation. Maximum activity (16.46 TU ml~") was
exhibited by M. circinelloides GL1 followed by F. verticil-
lioides GL5 (13.69 IU ml~!) after 8 d of incubation. There
after production decreased significantly.

Partial purification of laccase enzyme from M.
circinelloides GL1

The laccase enzyme from M. circinelloides GL1 was puri-
fied to 37.6-folds with the yield of 18.8% (Supplementary
Table 2), using a series of purification steps mentioned
earlier. The purified enzyme was detected as a monomeric
protein band on SDS-PAGE with an apparent molecular
weight of about 40 kDa when compared to known standard
protein markers (Supplementary Fig. 1).
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Characterization of laccase enzyme
Effect of temperature

Purified enzyme was active for the oxidation of guaiacol in
a wide range of temperature from 10 to 70 °C. Maximum
activity (404 IU ml~!) was detected at the optimum tem-
perature of 25 °C which was considered as 100% activity.
The data suggested that the specific activity was increased
sharply from 10 to 25 °C, but it declined gradually after
that. We also found that the retained 64.5% residual activ-
ity was observed at 10 °C and increased to reach 100%
activity at 25 °C (Supplementary Fig. 2a). After that it
decreased gradually with increasing temperature and
reached 46.2% residual activity at 70 °C.
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Fig.8 Production of laccase by litter dwelling fungi in the opti-
mized liquid culture media and conditions. Composition of opti-
mized media: 5 g 17! lignin, 10 g 17! glucose, 10 g 17! peptone, 3 g 17!
KH,PO,, 0.5 g 1"! MgSO,, 0.02 g I"! Vitamin B1, 0.1 g 17! NaCl,
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Effect of pH

Purified enzyme was active for the oxidation of guaiacol
in wide ranges of pH from 2.5 to 11. Maximum activity
(425 TU mlI™!) was detected at optimum pH 5 which was con-
sidered as 100% activity. Above pH 5, the activity gradually
decreased with increasing pH. The retained 60.3% residual
activity was observed at pH 2.5 and increased to reach 100%
at pH 5 (Supplementary Fig. 2b). After that it decreased gradu-
ally with increasing pH and reached 1.4% residual activity at
pH 11.

Effect of metal ions

Study on the effect of metal ions on the activity of purified
enzyme showed that the specific activity of 426 IU ml~! was
observed in incubating enzyme in buffer without any metal
ion which was considered as 100% activity. At 1 mM concen-
tration, BaCl, and MnCl, had considerable stimulatory effect
with 260.5% and 235.9% of relative activity, respectively, com-
pared to 100% activity in treatment without metal ion (Sup-
plementary Table 3). However, the metal ion, MgSO, (24.1%)
showed strongest inhibition followed by CaCl, (39.3%), but
FeCl, (81.3%) was slightly inhibitory compared to treatment
without metal ion.

80, pH 6. Incubation conditions: temperature 28 °C with shaking at
150 rpm for 8 d. Each value is the mean of three replicates (n=3) and
vertical bars indicate the standard error (SE +). Mean values followed
by the same letter(s) written within the same conditions are not differ-
ent significantly (at p <0.05) according to Tukey’s HSD test

Discussion

Plant litter constitutes an environmentally realistic mate-
rial which represents the largest resource of organic car-
bon in the diverse forest soils (Tuomi et al. 2011; Filser
et al. 2016). Understanding the plant litter decomposi-
tion process by microbes is a complex phenomenon that
includes organic matter mineralization and transformation
impacting the global anthropogenic carbon fluxes (Prescott
2010; Vofiskova and Baldrian 2013). Typically, the fungi
account for more than 90% of total soil microbial biomass
linked with the decaying plant litter (Kominkova et al.
2000). Interestingly, laccases are ubiquitous enzymes that
are associated with lignin-degrading ability and play an
important role in the developmental cycle of various fungi
such as in sporulation, production of pigments, formation
of fruiting bodies and in plant pathogenesis (Kunamneni
et al. 2007; Arregui et al. 2019; Goéralczyk-Birikowska
et al. 2020). Recently, laccases have drawn tremendous
attention of scientists due to their potential industrial uses
(Xavier et al. 2007; Arora and Sharma 2010; Singh and
Gupta 2020).

Primary selection of potential fungi exhibiting rela-
tively greater laccase producing ability is one of the
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fundamental criteria in the application of bioremediation.
In this context, after screening, five potential isolates were
selected for the optimization studies based on their laccase
producing ability. Secondly, optimization of growing con-
ditions for the fungal isolates was also done to achieve the
maximum enzyme production. The fungal laccase produc-
tion is influenced by numerous distinguishing fermentation
factors such as medium composition, incubation time, tem-
perature, pH of media, type and concentrations of carbon
and nitrogen, and type of inducers and surfactants (Couto
et al. 2002; Zhu et al. 2016).

In this study, we optimized fungal culture conditions for
their enhanced production of laccase. Kraft lignin (5 g 17!)
was confirmed to be the most appropriate substrate for the
maximum laccase production compared to others. Banakar
and Thippeswamy (2014) isolated extracellular ligninolytic
fungi using lignin (1%) as a substrate and reported it as an
efficient substrate to achieve maximum laccase produc-
tion. Maximum laccase production was observed at 28 °C
in shaking conditions after 8 d of inoculation. §najdr and
Baldrian (2007) determined that the highest laccase produc-
tion being recorded at 25-30 °C by Pleurotus ostreatus. A
remarkable observation was that the fungi could decompose
lignin at optimum culture pH of 4.0 to 4.5 with suppression
at pH>5.5 and <3.5 (Kirk et al. 1978). Fungal growth and
their laccase production are highly associated with the nutri-
ents readily available to them (Viswanath et al. 2014). In the
present study glucose and peptone were noticed to be the
most proficient source of carbon and nitrogen, respectively,
for laccase production. The results are similar to the findings
of Kanwal and Reddy (2011) who reported glucose and pep-
tone as the best sources of carbon and nitrogen, respectively,
supporting maximum growth of Morchella crassipes and
relatively higher laccase production.

Several studies on the induction of fungal laccase pro-
duction have reported a diverse group of inducers (Patel
et al. 2009; Mahmoud et al. 2013; Gomaa and Momtaz
2015; Wang et al. 2019). In present study also attempt was
made to enhance the production of laccase by incorpora-
tion of inducers into the growth media. The addition of low
concentration of copper sulfate enhances laccase activity
by interacting with the fungal cells and thus, results in
the formation of hydrogen peroxide (H,0,) as copper oxi-
dative stress response (Banakar and Thippeswamy 2014;
Gomaa and Momtaz 2015; Damian-Robles et al. 2017).
The copper ions (Cu™) catalyze the production of free
oxygen radicals and form copper-dioxygen complexes
which are considered as a plausible mechanism of Fenton-
like reactions (Urbariski and Beresewicz 2000). Similarly,
the use of non-toxic surfactants can also induce fungal
growth and improve the bioavailability of poorly soluble
substrates thereby increasing laccase production (Teodoro
et al. 2018). Our findings showed that Tween 80 was an

@ Springer

effective surfactant for laccase activity. The result was in
concurrence with Teodoro et al. (2018) who reported the
induction of laccase production by Pleurotus sajor-caju
after incorporation of Tween 80 to the culture medium.

Significant laccase production by the selected fungal
isolates was noticed in the optimized culture media when
compared to minimal media. Beside, M. circinelloides
GL1 was reported here as a potential laccase producing
strain. Prasad et al. (2005) showed an increased laccase
yield of 803.3 U from 538.8 U (which corresponds to lac-
case expression of 32.9% improvement) by P. ostreatus
1804 strain in optimized submerged cultural conditions.
In the present study, the enzyme purified from M. cir-
cinelloides GL1 has a molecular weight of about 40 kDa
which was closest match of the extracellular laccase puri-
fied from Pleurotus sp. (Liu et al. 2009; More et al. 2011).
The data illustrated that 100% residual activity reached at
25 °C with maximum specific activity (404 TU ml™}!) for
the oxidation of guaiacol. Hu et al. (2014) have reported
the optimum temperature for the activity of laccase puri-
fied from Leptographium qinlingensis for guaiacol oxida-
tion was 45 °C, wherein the maximum activity found was
5640 IU 17! and the residual activity was still more than
90% at 25 °C even though the enzyme was incubated with
guaiacol for 2 h. Variations in the effect of temperatures
on laccase activity might be associated with a number of
disulfide bonds in protein, thermal dissociation and origin
of the fungal strain (Diaz et al. 2018).

The enzymatic reaction mechanism depends on pH-
dependent enzymatic redox potential change of associated
substrate. The buffer pH influences the ionization states of
substrate and consequently disturbs the ability of laccase
(Patel et al. 2014). The purified laccase oxidized guaiacol
at pH 5.0 in the reaction mixture which was considered as
optimum. The result was consistent with the findings of Jun-
ghanns et al. (2009) who found that laccase purified from
Phoma sp. (UHH 5-1-03) showed maximum specific activity
at optimum pH of 5.0 for guaiacol oxidation. At higher pH,
a progressive decrease in the rate of guaiacol oxidation may
be due to the ionization of critical amino acids (either Asp or
Glu) and enzyme inactivity (Salony et al. 2006; Patel et al.
2014). The residual activity reached 100% for the oxidation
of guaiacol at optimum pH 5.0 at 25 °C. Hu et al. (2014)
have also revealed that the maximum activity (6305 IU 171)
of laccase purified from L. ginlingensis for guaiacol oxi-
dation was achieved at pH 4.4 and the residual activity
(5302 IU 17" reached the maximum activity of 84% even
if kept at same pH for 10 h. Our study also showed that the
metal ions such as 1 mM of BaCl, and MnCl, significantly
stimulated the relative activity. Jeon and Lim (2017) have
reported that the laccase purified from Marasmius scorodo-
nius was found very stable in presence of several metal ions
at low concentration (1 mM).
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Conclusion

Fungal laccase being an ideal biocatalyst can eas-
ily replace toxic chemical catalysts and has great potential
in industrial applications with less negative environmental
impacts. In this study, the fungal culture conditions were
optimized for attaining the optimum production of laccase.
In addition, the present study highlights that an indigenous
litter dwelling fungus M. circinelloides GL1 as a potential
laccase producer and it can be used as a potential biocata-
lyst towards a propitious future in pertinent biotechnologi-
cal applications.
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