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Abstract
The culture of fungal species from agro-waste allows for the sustainable preparation of valuable biotechnological products 
and contributes to establish the Circular Economy concept. The Ganoderma lucidum species is well known as producer 
of laccases (EC 1.10.3.2), which serves as a tool to oxidize chemicals. When producing G. lucidum E47 basidiomes with 
edible purposes out of rice crop residues, its laccase remains as by-product. In this work, we report the biotechnological 
characterization and application of the laccase recovered from spent cultures of the G. lucidum E47 strain. We detected at 
least one polypeptide (ca. 59 kDa) which displays attractive activity and stability values when used in the range of 18–45 °C 
in mildly acidic environment (pH 4.8–5.8). These parameters can be enhanced in the presence of organic cosolvents such as 
butyl acetate and methyl iso-butyl ketone, but the opposite effect is observed with solvents of lower log P. The best activ-
ity–stability performance is reached when the biocatalyst is used in pH 4.8 buffer with 5% (v/v) butyl acetate at 37 °C. The 
laccase was capable of decolorizing xanthene, azo and triarylmethane dyes, exhibiting excellent selectivity on bromocresol 
green and bromocresol purple. Furthermore, the biocatalyst displayed an attractive activity when assessed for the decolori-
zation of bromocresol green in a proof-of-concept effluent biotreatment.
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Abbreviations
ABTS  2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) diammonium salt
BuOAc  Butyl acetate
DMSO  Dimethyl sulfoxide
GLL  Ganoderma lucidum laccase
KOAc  Postassium acetate

MEK  Methyl ethyl ketone
MIBK  Methyl iso-butyl ketone
THF  Tetrahydrofuran

Introduction

Since the worldwide debate on climate change (Paris Agree-
ment 2018), the notion of Circular Economy has regained 
momentum (Geissdoerfer et  al. 2017). With the aim of 
diminishing the negative impact that the modern lifestyle 
cause to nature while maintaining the quality of currently 
available products and services, policymakers foster closed-
loop “make-use-dispose” strategies. To boost a circular bio-
based economy, the lignocellulosic residues generated as a 
consequence of agricultural activity must be harnessed, as 
addressed by the biorefinery concept (de Jong and Jungmeier 
2015).

The Ganoderma genus is a white-rot fungi that is espe-
cially rich in terpenes and polysaccharides and it is of para-
mount importance in ancient Asiatic medicine (Wachtel-
Galor et al. 2011). Furthermore, the Ganoderma species are 
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well known as producers of laccases (EC 1.10.3.2). These 
enzymes are copper-containing oxidases performing a one-
electron oxidation mechanism of phenols and related mol-
ecules. In vivo, these biocatalysts play a role in the formation 
of lignin by promoting the oxidative coupling of naturally 
occurring phenols (Loyd et al. 2018; Zhou et al. 2013). 
As biotechnological tools, laccases are the keystone in the 
process of breaking down lignocellulosic biomass—ena-
bling the uptake of the polysaccharide fraction by oxidizing 
the lignin structure that act as a barrier. In addition, these 
enzymes are needed to treat biomass hydrolyzates containing 
lignin-derived phenols which hamper its fermentation (Roth 
and Spiess 2015). In the search of mild technologies to treat 
industrial effluents, laccases paved the way for the decol-
orization of those containing dyes (Sen et al. 2016; Singh 
et al. 2015; Upadhyay et al. 2016). The use of biocatalysts 
with laccase activity—either as whole cells or enzymatic 
extracts—with this purpose has attracted academic inter-
est (Adak et al. 2016; Akpinar and Urek 2017; Shanmugam 
et al. 2017; Vats and Mishra 2018). Recently, Teerapatsakul 
et al. demonstrated the decolorization of commercial dyes 
by an immobilized enzymatic extract of Ganoderma sp. 
with laccase activity in a 5 L airlift bioreactor (Teerapat-
sakul et al. 2017). Torres-Farradá et al. described the use of 
crude laccase from Ganoderma sp. for the degradation of 
different anthraquinone and azo dyes (Torres-Farradá et al. 
2017). Muguresan et al. employed laccase obtained from the 
solid-state fermentation (SSF) of G. lucidum to decolorize 
remazol brilliant Blue R and remazol black-5 (Murugesan 
et al. 2007).

With the intention to subscribe to a lignocellulosic biore-
finery process, we previously started a biotechnological pro-
ject dealing with the production of edible basidiomes from 
the G. lucidum E47 strain using rice crop residues as sub-
strate—the staple food for over half the world’s population 
(Sumithra et al. 2014). The process leaves an undervalued 
protein extract with laccase activity that must be harnessed 
to achieve zero waste (Postemsky et al. 2014, 2017). In this 
study, we address the feasibility of closing the loop of the 
process by valorizing the laccase by-product. To gain knowl-
edge on its biotechnological utility, we describe its primary 
characterization as biocatalyst and we further assess its 
application as a tool for the decolorization of dyes.

Experimental

Chemicals

2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) 
diammonium salt (ABTS) was purchased from Sigma-
Aldrich (Argentina). The organic dyes bengal rose (1), 
blue black naphtol (2), congo red (3), methyl orange (4), 

bromocresol green (5), bromocresol purple (6), bromophe-
nol blue (7) and phenol red (8) were obtained from Mall-
inckrodt (USA). Analytical-grade solvents were acquired 
from Anedra (Argentina) and were used as received.

Laccase production

Cultures of the G. lucidum E47 strain (CERZOS, UNS-
CONICET, Bahía Blanca, Argentina) were prepared as 
described in our previous report (Postemsky et al. 2017). 
In short, the inoculum was done in MYSA medium (20 g 
malt extract, 2 g yeast extract, 10 g sucrose, and 20 g agar 
per liter of distilled  H2O, pH 5.5) and then kept in dark-
ness for 7 days at 25 °C. A mixture of rice straw, husk and 
bran was used as the culture substrate for its SSF. The G. 
lucidum E47 laccase (GLL) was obtained from the spent 
culture substrate as follows (Postemsky et al. 2014). Briefly, 
10 mL distilled water (pH 5.5) was added to a 30 mL glass 
flat bottom tube containing 3.0 g fresh residual mushroom 
used as culture substrate. The mixture was chopped with a 
scalpel and incubated at 4 °C for 16 h to allow extraction. 
Then, it was compressed to yield the enzymatic broth, which 
was divided into 1.5 mL aliquots. These were centrifuged 
(6000g, 3 min) and the supernatants were further lyophilized 
and stored at − 20 °C until use. The total protein content was 
determined by the Bradford assay using BSA as standard 
(Bradford 1976).

Laccase characterization

The protein extract was analyzed by SDS-PAGE using a 
10% (w/v) polyacrylamide gel and coomassie blue staining 
according to the method of Laemmli (Laemmli 1970). A 
BRP-125 prestained broad-range protein marker (Genbio-
tech, Argentina) was used as reference.

Laccase activity was determined using the ABTS oxida-
tion as a model reaction (Han et al. 2005; Kadnikova and 
Kostić 2002), which was adapted to run in 96-well micro-
plates (360 µL well volume). The change of the absorbance 
at 420 nm (λmax for  ABTS·+) was recorded every 15 s with 
an Infinite M200 PRO microplate reader (Tecan Trading AG, 
Switzerland). The standard reaction mixtures comprised 
1.7 mM ABTS in 100 mM KOAc pH 5.8 buffer. They were 
initiated by adding an adequate volume of GLL stock (300 
µL final reaction volume) and placed immediately in a Vor-
temp 56 shaking incubator (Labnet International, Slovenia) 
at 28 °C and 100 rpm (henceforth, standard conditions). One 
enzymatic unit (U) was defined as the amount of GLL in 
µg needed to oxidize 1 µmol of ABTS in 1 min under the 
standard conditions. Control reactions without ABTS and 
without GLL were run simultaneously. All reactions were 
run in triplicate.
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To address the GLL activity at different temperatures, 
incomplete reaction mixtures were first incubated for 2 h at 
18 °C, 28 °C, 37 °C, 45 °C, 60 °C and 75 °C, and then GLL 
was added to start them. These were allowed to proceed for 
1 min at the corresponding temperatures before analysis. 
Results were relativized to the standard condition. Control 
reactions without ABTS and without GLL were run simul-
taneously. All reactions were carried out in triplicate. To 
assess the GLL stability at the aforementioned temperatures, 
incomplete reaction mixtures were prepared and incubated 
for 2 h at each temperature. Then, ABTS was added to start 
the reactions, which ran for 1 min at the corresponding tem-
peratures before analysis. Results were relativized to the 
standard condition. The same protocols were followed to 
measure the GLL activity and stability at different pH val-
ues. The assayed buffer solutions (100 mM) were KOAc 
pH 3.8, pH 4.8 and pH 5.8, and  KPi pH 6.7 and pH 7.8. 
To determine the effect of adding organic cosolvents on the 
GLL activity and stability, butyl acetate (BuOAc), methyl 
iso-butyl ketone (MIBK), tetrahydrofuran (THF), methyl 
ethyl ketone (MEK) and dimethylsulfoxide (DMSO) were 
added to the reaction mixtures under the standard condition 
[5% (v/v) final concentration]. These were treated and ana-
lyzed as described above.

Microscale screening for dyestuff decolorization

Microreactions were conducted in 96-well plates as 
described in section  “Laccase characterization”. Each 
well contained 0.1 mM organic dye 1–8 instead of ABTS, 
100 mM KOAc buffer pH 4.8 and 5% (v/v) BuOAc. Micro-
plates were incubated at 37 °C and 100 rpm during 2 h. A 
total of four 10 µL enzyme additions were carried out every 
30 min (340 µL final reaction volume). Control reactions 
without dye and without GLL were run simultaneously. All 
reactions were performed in triplicate. The GLL activity was 
measured every 30 min as the change of the absorbance at 
the maximum wavelength according to the one of the con-
trol without enzyme, as follows: bengal rose 550 nm; blue 
black naphtol, 610 nm; congo red, 530 nm; methyl orange, 
470 nm; bromocresol green, 620 nm; bromocresol pur-
ple, 430 nm; bromophenol blue, 590 nm; and phenol red, 
550 nm.

Decolorization of bromocresol green in a batch 
recirculation flow minireactor

The decolorization of 0.1 mM bromocresol green (5) was 
conducted in 100 mM KOAc buffer pH 5.0 with 5% (v/v) 
BuOAc (0.2 L final reaction volume). The minireactor sys-
tem consisted of (i) a 0.5 L conical flask fitted with two 
connecting side arms, one at the neck (inlet) and the other 
at the very bottom (outlet); (ii) a Minipuls 3 peristaltic 

pump (Gilson, France) to allow the recirculation of the reac-
tion mixture at 1.5 L h−1; and (iii) an diffuser providing a 
125 L h−1 flow to the sine of the liquid. The system was 
settled in a thermostatic room at 25 °C. A total of six 1 mL 
enzyme aliquots were added. A twin system was assem-
bled to run the blank reaction without GLL. Sampling was 
performed thoroughly until completion. To this end, 1 mL 
aliquots were taken and scanned in the 300–800 nm range 
with a Lambda 25 UV/VIS spectrophotometer (PerkinElmer, 
USA). The absorbance values at 404 nm (reduced form) and 
617 nm (oxidized form) (Fassi et al. 2012) were used to ana-
lyze the reaction course by the  A404/A617 ratio. Immediately, 
samples were measured for pH and returned to each reactor.

Results and discussion

Laccase biotechnological characterization

From SDS-PAGE analysis, it was determined that the G. 
lucidum E47 crude laccase (GLL) is composed of at least 
one polypeptide chain with an approximate molecular 
weight of 59 kDa (Fig. 1). This is in agreement with the 
observations made by several authors on crude preparations 
or pure laccases from other G. lucidum strains (Kumar et al. 
2015; Manavalan et al. 2013; Sharma et al. 2013; Sitarz et al. 
2013).

The GLL was characterized as biocatalyst using the well-
known ABTS oxidation as a model reaction (Kadnikova and 
Kostić 2002). The enzymatic activity and stability were stud-
ied with different values of temperature and pH, as well as 

220 kDa

35 kDa

50 kDa

105 kDa

71 kDa

MWGLL

Fig. 1  SDS-PAGE analysis of the Ganoderma lucidum E47 laccase. 
The band corresponding to the enzyme is signaled with a dashed 
arrow
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under the presence of several organic cosolvents, and the 
results were relativized to the standard conditions. When 
assaying the effect of temperature, it was observed that the 
GLL is more active both below and above 28 °C (Fig. 2). 
The protein conformation seems to be more stable at lower 
temperatures, thus favoring activity. This assumption relies 
on the fact that the protein stability after 2-h incubation at 
18 °C was not reduced in comparison to the standard con-
dition. Nevertheless, from a biotechnological perspective, 
this temperature might be inconvenient. On the other hand, 
higher activity rates were observed at 37 °C whereas the 
protein stability decreased slightly, thus showing a compro-
mise between a favored enzymatic catalysis and the turnover. 
A further increment of the temperature up to 45 °C nega-
tively affected both parameters. However, the reaction was 
found to proceed faster at 60 °C although no protein stability 
was recovered after a 2-h exposure at this temperature, as 
described by several authors (Ding et al. 2012; Huang et al. 
2011; Sun et al. 2012). Furthermore, no laccase activity was 
detected at 75 °C. These observations may arise from the 
loss of the copper ions from the enzymes at these high tem-
peratures, as reported by Palonen et al. (2003). Therefore, 
the optimal reaction temperature was considered to be 37 °C.

As expected from data in the literature, the GLL activ-
ity was shown to be strongly dependent on the pH of the 
medium (Baldrian 2006). More than a twofold increase 
in enzymatic activity was detected when assaying it at 
pH 4.8 in comparison with the reference value, pH 5.8 
(Fig. 3). The protein stability also increased, but to a minor 
extent. At pH 3.8, both protein activity and stability were 
decreased to approximately a half. Very low activity was 
recorded at pH 6.7 and null activity was observed at basic 
pH. As addressed by Munoz and coworkers (Munoz et al. 
1997), when pH > 7 the protein stability is dramatically 
decreased by the binding of a hydroxide anion to the T2/T3 
coppers of laccase, thereby blocking the internal electron 
transfer from T1 to the T2/T3 centers. For these reasons, 

the optimal pH value was estimated to be 4.8, as typically 
seen for different G. lucidum laccases (Manavalan et al. 
2013; Sharma et al. 2013) and a wide variety of other fun-
gal laccases (Baldrian 2006; Heinzkill et al. 1998).

As mentioned, laccases offer a variety of biocatalytic 
applications. For this reason, a range of organic solvents 
were studied as additives [5% (v/v) final concentration] 
(Table 1). The selection criteria were established on the 
basis of their sustainable nature and toxicity (FDA 2018; 
Henderson et al. 2011) as well as for their commercial 
availability and their bulk price (data not shown). Their 
lipophilicity or hydrophobicity was addressed by their log 
P values. Only BuOAc enhanced both the enzymatic activ-
ity and stability (Table 1, entry 2). Interestingly, MIBK—
which has a similar log P—did not affect the enzymatic 
activity but increased the protein stability (Table 1, entry 
3). However, solvents with lower log P values caused 
reductions in the values of these parameters up to half of 
the standard values (Table 1, entries 4–6). When dealing 
with low water systems, it is generally accepted that for 
the sake of enzymatic catalysis, organic cosolvents with 
log P < 2 are a poor choice while those exhibiting log 
P > 4 are suitable. Solvents with log P values in between 
cause unpredictable effects on the enzyme microenviron-
ment, therefore, they must be experimentally tested (Gupta 
1992; Wan et al. 2010). Similar but milder effects might 
be assumed to occur in high water systems like ours. From 
our experiments, the threshold log P range for GLL is 
limited to 0.49 > log P > 1.31. The fact that BuOAc can 
be produced by biocatalytic procedures (Alves et al. 2014; 
Bubalo et al. 2015; Martins et al. 2011) from renewable 
sources (Wu et al. 2016) may encourage its use in biotech-
nological processes. Therefore, BuOAc was the cosolvent 
of choice to assess the performance of the GLL in the 
decolorization of dyes.
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Fig. 2  Effect of temperature on enzyme activity (white bars) and sta-
bility (gray bars)
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Dyestuff decolorization screening

To easily gain an insight on the applicability of the GLL 
to decolorize dyestuff, eight xanthene, azo and triaryl-
methane dyes were screened as substrates in microassays, 
comprising bengal rose (1), blue black naphtol (2), congo 
red (3), methyl orange (4), bromocresol green (5), bromo-
cresol purple (6), bromophenol blue (7) and phenol red 
(8). The enzyme exhibited no activity on compounds 2 
and 4. On the contrary, it was capable of decolorizing the 
dyes 1, 3, 7 and 8, although with insignificant conversion. 
Interestingly, the GLL displayed an excellent selectivity 
when acting on compounds 5 and 6 (Fig. 4), exhibiting 
biocatalyzed reaction to blank reaction ratios of 10 and 7, 
respectively. No structure–activity relation was observed.

Bromocresol green decolorization in a batch 
recirculation flow minireactor

To further assess the performance of the GLL as a biotech-
nological tool, the decolorization of the compound 5 was 
conducted in a 0.5 L minireactor simulating a conventional 
effluent biotreatment process. For this reason, the reaction 
was run in a room at 25 °C and was allowed to mix by a con-
stant in/out flow. The oxygenation needed for biocatalysis 
was supplied by an air diffuser—which also contributed to 
mixing—and pH was monitored in real time. As shown in 
Fig. 5, this proof-of-concept experiment demonstrated that 
the enzyme was capable of decolorizing bromocresol green 
5 completely under these simple operative conditions. The 
rate of the process can be controlled at ease by adding a 
larger amount of GLL.

Table 1  Effect of organic 
cosolvents on GLL activity and 
stability

ND not determined
a As indicated by the FDA, class 2 solvents should be limited because of their inherent toxicity while those 
in class 3 are less toxic and of lower risk to human health (FDA)
b According to scores in GSK Solvent Selection Guide (Henderson et al. 2011)

Entry Organic solvent Log P FDA ICH 
 classa

GSK  guideb Relative enzy-
matic activity (%)

Relative enzy-
matic stability 
(%)

1 None – – – 100 ± 6 100 ± 4
2 BuOAc 1.78 3 Preferred 115 ± 8 106 ± 10
3 MIBK 1.31 3 Usable 100 ± 8 147 ± 14
4 THF 0.49 2 Usable 60 ± 3 51 ± 2
5 MEK 0.29 3 Preferred 55 ± 8 136 ± 10
6 DMSO − 1.40 3 Usable 41 ± 3 ND

Fig. 4  Dye decolorization 
screening: biocatalyzed reaction 
(white bars) versus blank reac-
tion without enzyme (gray bars)
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Conclusions

By harnessing the laccase extract remaining as the by-
product of the culture of G. lucidum E47, we demonstrated 
the feasibility to close the loop of our lignocellulosic 
biorefinery process. The enzyme was primary character-
ized and showed to be capable of decolorizing organic 
dyes efficiently. These results foster the use of the G. luci-
dum E47 laccase in biomass valorization processes.
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