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ABSTRACT ARTICLE HISTORY
Laccases are one of many groups of inducible enzymes produced by the filamentous fungus, Received 20 December 2019
Botrytis cinerea during colonisation of host plant tissues. While the processes involved in laccase Accepted 29 January 2020
induction are not fully understood, Cupric ions (e.g. CuSO,4) and gallic acid (GA) have been reported KEYWORDS

as laccase inducers. This study i.nvestigates.laccas.es activities anq the expr.essior.\ of thre_e laccase Botrytis cinerea; laccases;
genes (BcLCC1, BcLCC2, BcLCC3) in three B. cinerea isolates grown in laccase-inducing medium (LIM) inducers; copper; gene
supplemented with CuSO, and GA. Laccase activity in culture filtrates with CuSO, increased after expression; enzyme activity
48 h of growth in LIM at 24°C. The induction of BcLCC2 transcription was greatest at

a concentration of 0.6 mM CuSQ,, concentrations greater than 0.6 mM inhibited fungal growth.

In contrast, no laccase induction was observed in the presence of GA. Liquid chromatography-mass

spectroscopy (NanoLC ESI MS/MS) analysis confirmed the presence of a 63.4 kDa protein, the

BcLCC2 isoform in the culture filtrate with 0.6 mM CuSO,. Analysis of mRNA transcripts further

showed BcLCC3 was also inducible and the expression of BcLCC2 and BcLCC3 was isolate-

dependent. In conclusion, CuSO, induces a 63.4 kDa laccase in B. cinerea by induced transcription

of the BcLCC2 gene.

Introduction Laccases (benzenediol: oxygen oxidoreductase, EC
1.10.3.2) are found in vascular plants, fungi, bacteria
and insects (Thurston 1994; Castilho et al. 2009),
although the lignin-degrading white rot basidiomy-
cetes are the main laccase producers (Rayner and
Boddy 1988). Laccases belong to the largest subgroup
of blue multi-copper oxidases (MCOs) and typically
show phenoloxidase activity. During the oxidation
process, laccases use oxygen as an electron acceptor
to remove hydrogen radicals from a phenolic hydro-
xyl group and other similar molecules (Thurston 1994;
Solomon et al. 1996). In addition, laccases oxidise
a wide range of substituted aromatic amines,
N-heterocycles, phenothiazines and thiol groups.
Laccases contain two to four copper atoms per
enzyme molecule (subunit), contributing to their oxi-
dation properties (Thurston 1994; Giardina et al.
2010). Copper atoms are located in three types of
copper centres that can be distinguished by their
spectroscopic  and paramagnetic properties
(Thurston 1994). Cupric ions (Cu®*) are crucial for
forming metal-active sites in laccases; hence, laccases
are classified as copper-containing oxidases.

Botrytis cinerea [anam.] Botryotinia fuckeliana [tel-
eom.], Pers.: Fr- (grey mould) is a devastating fungal
pathogen that is responsible for grey mould in many
fruits, vegetables and horticultural crops, particularly
in temperate regions (Dean et al. 2012). B. cinerea
attacks many plant organs, including leaves, stems
and fruits, resulting in severe losses even after the
crop has been harvested (Lorenzini et al. 2013). At
least 1400 plant species are reported to be affected
by B. cinerea (Elad et al. 2016). The infection process
typically involves extracellular enzymes and metabo-
lites of the pathogen (Nakajima and Akutsu 2014),
including cell wall-degrading enzymes, non-specific
phytotoxic metabolites (botrydial and botcinolides),
boosting compounds of reactive oxygen species
(ROS) and the plants’ hypersensitive response
(Williamson et al. 2007; Shah et al. 2009; Amselem
et al. 2011). The extracellular enzymes include B-
glucosidase, pectin methylesterases, polygalacturo-
nases, aspartate proteinase, benzyl alcohol oxidase
and laccases (Rha et al. 2001; Valette-Collet et al.
2003; Nakajima and Akutsu 2014).
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Fungal laccases are either inducible or constitutively
expressed (Litvintseva and Henson 2002). Laccase pro-
duction in lignin-degrading fungi and some ascomycete
fungi have been investigated with phenolic inducers,
different carbon sources and metal ions (Palmieri et al.
2000; Manavalan et al. 2013; Kim et al. 2014). Cu** is
reportedly a strong metal-inducers for both laccase tran-
scription and activity (Collins and Dobson 1997) and are
vital in forming metal-active sites in copper-containing
enzymes (Passarini et al. 2015). The interaction between
Cu** and the fungal mycelium in culture medium has
been shown to cause a substantial increase in total lac-
case activity in wood-rotting fungi, basidiomycetes
(Guillén and Machuca 2008; Makela et al. 2013; Kuhar
and Papinutti 2014) and the ascomycetes fungus,
Aspergillus flavus (Gomaa and Momtaz 2015).

Laccase induction has been reported in B. cinerea in
response to phenolic compounds, particularly gallic acid
(GA). However, an increase in laccase activity in B. cinerea
was reported when copper was added to the culture
medium (Slomczynski et al. 1995; Sbaghi et al. 1996).
Different isoforms of the enzymes, including a 36 kDa
protein with 70% sugar and a 38 kDa protein with 80%
sugar have been reported to be induced in liquid cul-
tures of B. cinerea in the presence of GA and grape juice,
respectively (Marbach et al. 1984). In addition, a 75 kDa
protein has been purified from the liquid cultures of
B. cinerea in the presence of Cu** (Slomczynski et al.
1995), respectively. Copper induction of B. cinerea lac-
cases and the involvement of copper inducible laccase
in disease development has not been fully elucidated,
although the involvement of GA-inducible laccases in
disease development has previously been reported (Gigi
et al. 1980, 1981). However, the occurrence of 13 puta-
tive laccase encoding genes has been reported (Van Kan
et al. 2017), although the biological basis of the induc-
tion of these genes, especially the enzyme-gene linkage
and type of inducers remain unknown. Therefore, this
study hypothesised that GA and Cu* are responsible for
inducing a particular laccase gene, thereby increasing
laccase activity. The current study investigates laccase
activities, and the expression of laccase genes using RT-
gPCR and RT-PCR methods in B. cinerea grown artificial
media treated with Cu?** and GA. To investigate this,
three laccase genes (BcLCC1, BcLCC2, BcLCC3) were con-
sidered based on the previously published work of
Schouten et al. (2002), which describes the potential
involvement of BcLCC2 and BcLCC3 in disease
development.
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Materials and methods
Isolates

Three B. cinerea isolates (TN080, VRUO0005, and
TNO77), representative of high, low and moderate
virulence, respectively (data not shown), were used
in the study. The isolates were taken from the culture
collection stored at the National Wine and Grape
Industry Centre, Charles Sturt University, Australia.
The BcLCC2 gene from the three isolates was
sequenced and the resulting sequences compared
with  NCBI GenBank sequences using BLAST.
Sequences were deposited in GenBank with following
accession numbers (TN080: MH789981, VRUO0005:
MH789982, and TNO77: MH789980).

Culture conditions and preparation of
laccase-inducing medium (LIM)

The basal media for liquid cultures were prepared by
following the protocol described by Slomczynski et al.
(1995). LIM was prepared by supplementing the basal
medium with CuSO, and GA at concentrations of 0.35
mM and 0.5 mM, respectively.

Induction of laccases by CuSO, and GA

The three B. cinerea isolates were grown on potato
dextrose agar (PDA) at 24°C. Sterile distilled water was
added to the surface of 12-day-old sporulating cul-
tures and spore suspensions were adjusted to 1 x 10°
spores/ml using a haemocytometer. A 100 pl spore
suspension (1 x 10° spores/ml) was inoculated into 30
ml of potato dextrose broth (PDB) in 100 ml conical
flasks followed by incubation in a rotary shaker at
90 rpm at 24°C in the dark conditions. After 5 days,
the mycelia were harvested using a sterilised Buchner
funnel lined with sterilised filter paper. The mycelia
were washed with sterile distilled water and trans-
ferred to LIM containing a mixture of CuSO,4 and GA.
Basal medium was used as a control. The cultures
were incubated for 2 days at 24°C with agitation
(240 rpm) in the dark. Aliquots of 2 ml were collected
from the liquid cultures of inoculated LIM and the
control flask within 12-h interval for up to 48 h and
stored at —20°C for the determination of laccase activ-
ity and total protein. The experiment was performed
in triplicates.
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Expression analysis of laccase genes in the presence
of CuSO, and GA

Transcripts of laccase genes were quantified for the three
isolates 48-h post-inoculation (hpi) in LIM. The LIM were
treated separately with CuSO4 and GA. The experimental
units consisted of PDB as the control, the basal medium
as the control (Nol), LIM + CuSQ,, LIM + GA, and LIM +
CuSO,4 + GA. LIM and control media were inoculated
with three isolates separately as described in the afore-
mentioned section. The experiment was performed in
three independent replicates. Mycelia from all liquid
cultures were collected 48-h post-inoculation (hpi) to
analyse the expression profiling of laccase genes
(BcLCC1, BcLCC2, BcLCC3). Culture filtrates were also col-
lected at the same time to determine laccase activity.
Mycelia collected from PDB were excluded from gene
expression analysis as no laccase activity was detected
in PDB.

Determination of the optimum copper
concentration for the induction of laccase

B. cinerea isolate, TNO77, in which the laccase genes were
induced by both inducers was selected to determine the
optimum concentration of CuSO, for maximum laccase
production. LIM supplemented with different concentra-
tions of CuSO, (0, 0.2, 0.4, 0.6, 0.8 mM) and inoculated
with clean mycelia were prepared. The experiment was
performed in triplicates. After 48-h incubation, mycelia
were collected from each liquid culture using a Buchner
funnel to determine fungal biomass and to investigate
gene expression. Liquid filtrates were also collected from
the same cultures at the same time to determine laccase
activity and to perform polyacrylamide gel electrophor-
esis. The laccase protein was then purified from the
liquid culture filtrate treated with 0.6 mM CuSO, and
followed by NanoLC ESI MS/MS analysis.

Enzyme assays

Measurement of enzyme activity was based on the
oxidative dimerisation of 2,2-azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) (ABTS) (Sigma). The reac-
tion mixture contained 100 pl of ABTS (26 mg/ml), 800
pl of 0.1 M phosphate buffer (pH 6.0) and 100 pl of
enzyme extract (culture filtrate) in a final volume of 1
ml. The reaction was incubated at room temperature
(24°C) for 5 min, where the reaction was linear, and

monitored by measuring absorbance at 436 nm
(Guetsky et al. 2005) using a UV-visible spectrophot-
ometer (Thermo Scientific Helios). One unit (U) of
enzyme activity was defined as the amount of enzyme
that converts one micromole of substrate per minute.
Enzyme activities of all the samples were expressed as
U ml™". Total protein in culture filtrates was determined
by the Bradford method (Bradford 1976).

RNA extraction, cDNA synthesis and RT-qPCR

RNA was extracted from the fungal mycelia using the
ISOLATE Il RNA Plant Kit (Bioline) following the manu-
facturer’s guidelines. RNase-free DNase | was used to
digest traces of contaminating genomic DNA. RNA qual-
ity and quantity were determined using a NanoDrop
spectrophotometer  (Thermo  Fisher  Scientific,
Wilmington, DE, USA). cDNAs were synthesised from 1
Mg of RNA using the High-Capacity cDNA Reverse
Transcriptase Kit (Thermo Fisher Scientific, USA).

Laccase gene-specific primers were designed to mea-
sure the expression of laccase genes (supplementary
Table). Aliquots of 2 pl from all cDNA samples were
used for RT-qPCR in a 20 pl reaction mixture that con-
tained 10 ul of 2x iTAQ Universal SYBR Green Supermix
master mix (Bio-Rad), 0.5 pl of forward and reverse
primers (Supplementary Table), and 7 ul of water. Two
technical replicates were performed from each experi-
mental unit. RT-gPCR was performed on a CFX96 real-
time system (Bio-Rad) with cycling conditions of 3 min,
initial denaturation at 95C, 46 cycles for 10
s denaturation at 95C, and 30 s annealing at 58°C,
followed by melting curve analysis to confirm the spe-
cificity of PCR amplification. The relative mRNA expres-
sion levels (fold changes) of all laccases (BcLCC1, BcLCC2,
and BcLCC3) were calculated using the AAC; method
(Livak and Schmittgen 2001) and normalised to the
expression of the ubiquitous housekeeping gene,
ActinA (Simon et al. 2013; Kelloniemi et al. 2015). The
mean gene expression in each treatment was normal-
ised to the control (Nol).

Determination of fungal biomass

Fungal biomass of the mycelia was determined by
measuring the constant dry weight. Fungal mycelia
were harvested onto filter paper (45 mm diameter
Whatman No 2) under vacuum and kept at 75°C in
an oven until a constant weight was achieved.



Polyacrylamide gel electrophoresis

For purification of extracellular laccase, the collected
liquid filtrates from the cultures of B. cinerea grown in
different copper concentrations were thawed and cen-
trifuged to remove precipitated polysaccharides. Each
filtrate was concentrated using 30 kDa membrane filters
(Merck Millipore, Amicon Ultra — 15 Centrifugal Filters,
Castle Hill, NSW, Australia). Twenty microlitres of con-
centrated filtrate was mixed with 30 pul of NUPAGE LDS
(4X) sample buffer (Novex, Life Technologies, USA) (pH
6.8), denatured at 95°C and 40 ul was loaded into each
lane of a 12% precast gel (Criterion™ TGX™, BIO-RAD),
followed by electrophoresis at room temperature using
Tris-glycine buffer (pH 8.3) at 300 V (Laemmli 1970). The
polyacrylamide gels were stained with Coomassie
Brilliant Blue R-250 (Castle Hill, NSW, Australia) and visua-
lised using a Gel Doc system (Bio-Rad). A high range
molecular marker (Bio-Rad) was used for the determina-
tion of 75 kDa protein.

Laccase purification from the fungal culture filtrate
and identification

The liquid culture filtrate of TNO77 collected from LIM
supplemented with 0.6 mM CuSO, was treated as
described above in polyacrylamide gel electrophoresis
analysis to remove precipitated polysaccharides fol-
lowed by mixing with ammonium acetate in cold
methanol. They were mixed in a ratio of one volume of
the filtrate to five volumes of 0.1 M w/v ammonium
acetate in cold methanol, kept at —20°C overnight
(Vincent et al. (2006), and then centrifuged at
4000 rpm, for 20 min. The pellet was collected and
washed with 5 ml cold acetone and dissolved in 30 pl
of NuPAGE LDS (4X) sample buffer (Novex, Life
Technologies, USA), followed by SDS/PAGE. The bands
corresponding to 75 kDa were excised from the poly-
acrylamide gel and sent to the Australian proteome
analysis facility (APAF; Macquarie University, Sydney)
for identification using NanoLC ESI MS/MS. Detailed
methods for NanoLC ESI MC/MC data acquisition are
available in supplementary method.

Statistical analysis

Normality of the distribution of data from enzyme
assays, transcriptomics analysis and fungal biomass,
and the constancy of residuals were confirmed using
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the normality test. The data of laccase activity and
relative expressions of each laccase gene in each iso-
late in the presence and absence of different inducers
were subjected to one-way analysis of variance
(ANOVA), and the means of each treatment, with
inducers were compared with the control, without
inducers (Nol) using Dunnett’'s mean comparison
test. Laccase activity data and the relative expression
of each laccase gene in TNO77 and in the presence of
each copper concentration were subjected to one-
way analysis of variance (ANOVA), and the means in
each concentration were compared using Tukey's
mean comparison test. Statistical significance was
attained at the 5% probability level and all statistical
analyses were performed using MiniTab 15.0
(MiniTab, Inc., State College, PA).

Results
Laccase activity in B. cinerea increases 48 hpi in LIM

Laccase activity in the culture filtrates of all isolates in
B. cinerea increased in response to a mixture of CuSO,4
and GA in LIM 48 hpi (Figure 1).

Copper induces laccase activity and BcLCC2 and
BcLCC3 gene expressions

In the presence of both inducers separately, copper
induced the expression of laccase genes and
increased the enzyme activity in B. cinerea. All isolates,
except VRUO005, showed significantly (p < 0.05)
increased laccase activity with CuSO, whereas no
significant increases in laccase activity in the presence
of GA occurred for any of the isolates (Figure 2(a)). As
a response to CuSO,, B. cinerea isolates showed dif-
ferent amounts of laccase activities, with TN0O80 the
greatest (p < 0.05) (Figure 2(a)), and showed
a significant (p < 0.05) increase in laccase activity
when the medium contained a mixture of CuSO,
and GA (Figure 2(a)).

In terms of relative gene expression, all isolates
showed significantly different expressions of BcLCC2
and BcLCC3 genes in the presence of CuSO, with the
greatest (p < 0.05) in TNO8O0 (Figure 2(b)). Conversely,
no expression of laccase genes was detected as
a response to GA. However, in VRU00O5, expression
of only the BcLCC2 was evident (p < 0.05) with both
inducers, whereas there was no significant difference



52 (&) U.V.A. BUDDHIKA ET AL.

0.5
—8—TNO080

= —e—\/RU0005

0.4
g «=® TNO77
2
2 03 A
=
o
S 0.2 1
"
©
o
S 0.1
—

0

12hrs  24hrs

36hrs

48hrs

Figure 1. Effect of inducers on the laccase activity in three
isolates of Botrytis cinerea (TN080, VRU0005, TNO77) in laccase-
inducing medium; kinetics of laccase activity was measured
within 12-h incubation of Botrytis cinerea isolates in media
supplemented with combination of inducers (GA and CuSQ,).

in the expression of BcLCCT and BcLCC13 (Figure 2(c)).
However, in TNO77, the expression of both BcLCC2
and BcLCC3 was significantly different (p < 0.001) in
the presence of CuSO, whereas a significant (p <
0.015) down-regulation was observed in BcLCC2 and
BcLCC3 in the presence of GA (Figure 2(d)). For all
isolates, the expression of BcLCC2 was induced by
CuSQO,4, However, the expression of BcLCCT was con-
stant as observed in all isolates.
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Copper increases laccase activity and induces
BcLCC2 transcription in TNO77 at an optimum
concentration of 0.6 mM

Laccase activities in TNO77 gradually increased with
increasing concentration of copper, with the greatest
(p < 0.001) at 0.6 Mm (Figure 3(a)). However, laccase
activities were not significantly different between the
highest, 0.8 mM and low concentrations (0 and 0.2
mM) (Figure 3(a)).

Fungal biomass was significantly increased (p < 0.05)
when the culture medium was supplemented with 0.2
mM CuSO,, and this remained the same with increasing
concentrations up to 0.6 mM (Figure 3(b)). However, in
the concentration between 0.8 mM and 0 mM (control),
the fungal biomass was not significantly different (p >
0.05) and follows the same pattern of laccase activities as
shown in the same concentration (Figure 3(a)).

Significant expression of BcLCC2 (p < 0.001) (Figure 3
(d)) and BcLCC3 (p < 0.001) (Figure 3(e)) was observed
along with different concentrations of CuSO,, whereas
there was no significant expression of BcLCCT (p > 0.05
(Figure 3(c)). However, BcLCC2 expression was concen-
tration-dependent with a five-fold increase at 0.6 mM
CuSO,, and BcLCC2 showed a significant (p < 0.001) up-
regulation relative to BcLCC3. The greatest laccase activ-
ity with a 40-fold increase of BcLCC2 expression and

40 7 ® BcLCC1
351 O BcLCC2
35 BcLCC3

o e

No | GA CusO,  GA+CuSO,

Relative LAC mRNA
Expression (Fold)
N
o

4.0 | BcLCC1
35 O BcLCC2 *
3.0 ® BclLCC3
2.5
2.0

|
3 i*[
21 [

Nol GA Cuso, GA+ CuSO,

*

e *

Relative LAC mRNA
Expression (Fold)

Figure 2. Effect of inducers (CuSO4 and GA) apart on the laccase activity (a) and the normalised expression levels of BcLCC1, BcLCC2,
BcLCC3 of Botrytis cinerea isolates (TN080), (b); VRU0005, (c); TNO77, (d). The laccase-inducing medium was supplemented with the
inducers, GA and CuSO,, and the control (Nol) was composed of basal medium without inducers. Error bars represent the standard
error calculated from three biological replicates. Columns represent the three isolates in each inducer and columns with (*) are
significantly different from the control of each isolate at p < 0.05 (Dunnett's mean comparison test).
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Figure 3. Copper-inducible laccase production in Botrytis cinerea (TN077) in the medium supplemented with different concentrations
of CuSOy; (a) Effects of different concentrations of copper on laccase activity, (b) fungal biomass, and expression levels of laccase
genes, (c) BcLCC1, D) BcLCC2 and E) BcLCC3 in Botrytis cinerea (TN077). The control medium was composed of basal medium with no
inducers (Nol). Error bars represent the standard error calculated from three independent replicates and different letters (a,b,c,d)
represent significant differences in mean value of each column at p < 0.05 (Tukey’s mean comparison test, n = 3).

fungal biomass was observed at 1 mM concentration
(data not shown).

NanolLC ESI MS/MS confirms BcLCC2 as copper
inducible laccase with the molecular mass 63.4 kDa

SDS/PAGE resulted in a single protein band of =75
kDa in that supplemented with 0.6 mM CuSO, (Figure
4). ESI/MS/MS confirmed the molecular mass of this
band as 63.4 kDa, and the peptides matched with
LAC2-BOTFU Laccase-2 OS = Botryotinia fuckeliana
GN = LAC2, and the score sequence coverage was
994 (individual ions scores > 37 indicate identity or
extensive homology (p < 0.0059)).

Discussion

The lack of knowledge of the biological basis of the
induction and expression of laccase genes in B. cinerea

limits our understanding of their role in grey mould
development. This study examined the expression of
laccase genes (BcLCC1, BcLCC2 and BclLCC3) and
enzyme activity in B. cinerea with respect to inducers,
GA and CuSOQ,. Laccase activities of B. cinerea isolates
peaked after 48-h incubation in LIM, when the culture
medium was supplemented with a mixture of CuSO,
and GA. The expression of laccases genes when tested
in the presence of each inducer alone, CuSO, rather
than GA induced laccase activity and the expression
patterns of BcLCC2 depended on the isolate. The synth-
esis and secretion of laccases in response to Cu?* have
been reported to be species and isolate dependent
(Piscitelli et al. 2011; Park et al. (2015). The concentra-
tion of Cu®" required for laccase induction varied
between 0.01 and 1 mM, and that this depended on
the fungal species (Passarini et al. 2015) as demon-
strated in white rot fungi (Palmieri et al. 2000;
Fonseca et al. 2010) and ascomycetes such as



54 U. V. A. BUDDHIKA ET AL.

0.6 mM CuSO,

T1AT2
mo [

250 kDa :
— E

150 kDa — .o

100 kDa — &

75kl T .
50 kDa : ‘
37 kDa

25 kDa
15 kDa
10 kDa

-

|

Figure 4. SDS-PAGE analysis for the purified protein from the
two separate liquid culture filtrates (T1, T2) of Botrytis cinerea
supplemented with 0.6 mM CuSO,. The basal medium with 0
mM CuSO,4 and PDB as control media and M = protein molecular
weight marker.

Aspergillus flavus (Gomaa and Momtaz 2015) and
G. graminis (Litvintseva and Henson 2002). The induc-
tion of laccase in Dichomitus squalens has an optimum
Cu®*concentration as low as 0.06 mM, whereas the
marine filamentous non-heterocystous cyanobacter-
ium, Phormidium valderianum, is negatively affected
when the concentration of Cu®* is greater than 0.01
mM (Kannaiyan et al. 2012). However, this is not always
the case. The growth of some isolates of wood rotting
fungi is stimulated with low concentrations of Cu?",
while others may be inhibited by even the lowest
concentration (Guillén and Machuca 2008). From our
study, it appears that a copper concentration of 0.6 mM
is the optimum concentration for laccase induction in
B. cinerea.

B. cinerea stimulated fungal growth in a dose
depended manner up to 0.6 mM Cu®*. However, con-
centrations beyond this become inhibitory to fungal
growth as a result of oxidative stress. This can be
explained as Cu®* mediated oxidative stress, which is

extremely toxic to fungal cells (Fernandez-Larrea and
Stahl 1996; Manzl et al. 2004; Kannaiyan et al. 2012). As
Cu?**stimulates fungal growth at concentrations below
0.6 mM, it is reasonable to suggest that there is
a correlation between laccase activity and fungal bio-
mass, unless the fungal growth is affected by the copper
toxicity. Although 1 mM is toxic to fungal biomass, the
dramatic increase of laccase activity and the induction of
BcLCC2 at this concentration could imply the over-
expression of laccase to alleviate copper toxicity. It has
been reported that fungi produce laccases to scavenge
ROS to protect themselves from oxidative stresses
caused by free Cu®* (Stohs and Bagchi 1995) and, as
a defence mechanism against copper (Viswanath et al.
2008). This scenario suggests that BcLCC2 might be the
stress-regulated laccase in B. cinerea as previously sug-
gested by Schouten et al. (2002), although further inves-
tigation into this is required.

The consistent expression of BcLCC2 along with
different concentrations of Cu®* indicates that
BcLCC2 is the copper-responsive gene. Laccase 2 has
been reported to be the copper-inducible gene in
Gaeumannomyces graminis (Litvintseva and Henson
2002), whereas Pleurotus ostreatus has more than
one copper-responsive gene (Palmieri et al. 2000).
BcLCC3 was also found to be inducible, although the
isozyme was not found. BcLCC2 isozyme was identi-
fied from the liquid culture filtrate treated with 0.6
mM copper. The molecular mass of BcLCC2 was con-
firmed to be 63 kDa in size, although 75 kDa laccase
protein has been reported before (Slomczynski et al.
1995). The present study, however, demonstrated the
molecular mass75 kDa before ESI/MS/MS analysis,
which appears to concur with the findings of
Slomczynski et al. (1995). This difference of the mole-
cular mass could be due to the nature of the glyco-
protein (Morozova et al. 2007; Maestre-Reyna et al.
2015), the function is presumably to confer thermo-
stability of laccases up to 70°C (Yaropolov et al. 1994).

Most fungal laccases are inducible, although at least
one laccase isozyme can be produced constitutively
(Baldrian 2006). We observed the expression of BcLCC1
to be constitutive, which explains why minor laccase
activity was observed with no inducers. Besides the
type of inducers, in-vitro fungal laccase production is
dependent on culture conditions, nutrient levels, med-
ium composition, fungal isolates or the strain, and devel-
opmental stage and the time of incubation of the
fungus (Viswanath et al. 2014; Garrido-Bazdn et al.



2016). Despite the fact that Cu®* induced increased lac-
case activity, CuSO, in conjunction with GA resulted in
the greatest laccase activity. Similarly, increased laccase
activities in Ganoderma lucidum (Manavalan et al. 2013),
Trametes spp. (Jang et al. 2006) and Pycnoporus sangui-
neus (Ramirez-Cavazos et al. 2014) have been reported
in the presence of combinations of different inducers,
although the reason for this is not yet known.

The gene induction and the expression of laccase
protein could be attributed to internal regulation
mechanisms such as micro RNAs (miRNAs). Copper-
mMiRNA is a systemic regulator of copper enzymes as
microRNA expression patterns have shown negatively
correlate with the accumulation of copper protein tran-
scripts as reported in Arabidopsis (Abdel-Ghany and
Pilon 2008; Delye 2013). Jin and Wu (2015) observed in
B. cinerea that up-regulated miRNAs inhibited the
expression of their target genes involving the post-
transcriptional modifications. In B. cinerea, copper-
mMiRNA might have been involved in the regulation of
the transcription of BcLCC2 in the presence of copper.
However, this concept is yet to be investigated.

In conclusion, this study confirms that BcLCC2 and
BcLCC3 in B. cinerea are induced in the presence of Cu?*.
BcLCC2 induction is a maximum at a Cu®* concentration
of 0.6 mM, and at higher concentrations, fungal growth
is inhibited. However, the expression of the target gene
apparent to be induced by a Cu?** dependent internally
regulated mechanism resulting in different laccase activ-
ities and expression patterns depending on the isolate.
Copper induction of BcLCC2 transcripts encodes a 63.4
kDa isoform of the enzyme in B. cinerea at the early stage
of growth in a liquid culture. This study provides novel
insight into BcLCC2 induction in which Cu?* as the
inducer for the expression of BcLCC2-63.4 kDa enzyme,
hence establishes an enzyme-gene linkage relevant to
the type of inducer. However, such a link for BcLCC3 and
its induction as a response to a relevant inducer remains
to be elucidated in future research and discovery of
specific inducers for individual laccases may provide
a better platform for understanding the biological
basis of laccase expression during different stages of
the disease development.
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