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a b s t r a c t

Laccase production in saline conditions is still poorly studied. The aim of the present study was to
investigate the production of laccase in two different types of bioreactors by the marine-derived
basidiomycete Peniophora sp. CBMAI 1063. The highest laccase activity and productivity were obtained
in the Stirred Tank (ST) bioreactor, while the highest biomass concentration in Air-lift (AL) bioreactor. The
main laccase produced was purified by ion exchange and size exclusion chromatography and appeared to
be monomeric with molecular weight of approximately 55 kDa. The optimum oxidation activity was
obtained at pH 5.0. The thermal stability of the enzyme ranged from 30 to 50 �C (120 min). The Far-UV
Circular Dichroism revealed the presence of high b-sheet and low a-helical conformation in the protein
structure. Additional experiments carried out in flask scale showed that the marine-derived fungus was
able to produce laccase only in the presence of artificial seawater and copper sulfate. Results from the
present study confirmed the fungal adaptation to marine conditions and its potential for being used in
saline environments and/or processes.

© 2018 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Laccases (EC 1.10.3.2) are enzymes that belong to the group of
polyphenol oxidases and catalyze the oxidation of various organic
substances, typically phenolic compounds, with the simultaneous
reduction of oxygen to water through a radical-catalyzed reaction
mechanism (Baldrian, 2006). Laccases can be found in many
different species of organisms, like plants, fungi, prokaryotes, and
insects (Yoshida, 1883; Claus, 2004; Dwivedi et al., 2011). They are
referred as “moonlight” enzymes due to their multiple physiologic
functions, which includes vegetal lignification and delignification,
wound healing, pigment synthesis, anti-stress regulation, and
fungal morphogenesis (Sharma and Kuhad, 2008).
ica e Microbiologia-IB, Uni-
la Vista, Rio Claro, SP, 13506-
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The use of chemical mediators in the enzymatic reaction of the
laccases greatly expanded their oxidation capacities (Bourbonnais
and Paice, 1990). The mediators act as electron “shuttle” between
the enzyme and the substrate, enabling the oxidization of complex
substrates that could not be oxidized by the enzyme itself
(Kunamneni et al., 2008; Ca~nas and Camarero, 2010). Laccases and
their mediators (Laccase-Mediator System) are used to degrade and
remove a series of recalcitrant pollutants, such as industrial dyes,
pesticides, insecticides, endocrine disrupters, and polycyclic aro-
matic hydrocarbons (Strong and Claus, 2011; Viswanath et al.,
2014). Moreover, laccases are also used in the formulation of bio-
fuels and biosensors, medical analyses, and synthesis of new hybrid
molecules (Mikolasch and Schauer, 2009; Senthivelan et al., 2016).

The successful application of laccase requires the production of
high amounts of enzyme at low costs (Brijwani et al., 2010). Many
strategies were already reported in the literature, such as the
isolation of new strains for production, development of optimized
culture medium, use of agro-industrial residues as carbon source,
and heterologous expression of laccase genes (Osma et al., 2011).
rved.
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For industrial purposes, it is also necessary the development of an
efficient production system at bioreactor scale (Songulashvili et al.,
2015). The strategies include new bioreactors designs and the use of
mathematical models to control the fungal fermentation (Znad
et al., 2004; Bailey et al., 2007; Couto and Toca-Herrera, 2007).

Basidiomycetes fungi are known to be unique in their ability to
degrade lignocellulose components and to produce several ligno-
cellulolytic enzymes, including the laccases (Elisashvili and
Kachlishvili, 2009). Fungal laccases are generally produced extra-
cellularly and often exhibits higher reduction potential in com-
parison to laccases from other organisms (Rodgers et al., 2009).
Many terrestrial fungal strains have been reported as good laccases
producers at bioreactor scale, including Trametes pubescens, Pyc-
noporus sanguineus, and Pleurotus sp. (Galhaup et al., 2002; Bettin
et al., 2011; Saat et al., 2014). However, studies related to the pro-
duction of these enzymes by marine-derived fungi are still scarce.

Marine-derived fungal strains, which are strains obtained from
the marine environments, are naturally adapted to the ocean con-
ditions and may have unique properties, such as high tolerance
against salt stress, oligotrophic conditions, and extreme of pH and
temperatures (Bugni and Ireland, 2004; Trincone, 2010; Bonugli-
Santos et al., 2015). The ability to growth and reproduce in ocean
conditions can be considered as a biological advantage for the use
of these microbial resources in saline and alkaline environments
and processes (e.g. textile dye effluents) (Raghukumar 2008;
Bonugli-Santos et al., 2010). Additionally, according to María
(2013) the use of seawater in the reaction medium could also
reduce the use of potable water on large bioprocesses, a great
advantage, since the potable water has become scarcer every day in
many world locations.

In earlier studies, the basidiomycete Peniophora sp. CBMAI 1063
showed great ability to produce laccases in an optimized media at
flask scale (Bonugli-Santos et al., 2010, 2016). The fungus was also
capable to decolorize and degrade the textile dye Reactive Black 5
in saline conditions (Bonugli-Santos et al., 2016). In this study, we
evaluated the fungus capacities to produce laccases in a Stirred
Tank (ST) and Airlift (AL) bioreactors. Themain laccase secretedwas
purified and characterized regarding its optimum pH of activity,
thermostability, and secondary structure.

2. Materials and methods

2.1. Microorganisms, nutrient media and cultivation procedures

Peniophora sp. CBMAI 1063was isolated from themarine sponge
Amphimedon viridis collected in the region of S~ao Sebasti~ao, S~ao
Paulo State, Brazil (Menezes et al., 2009) and taxonomically iden-
tified in a previously report by Bonugli-Santos et al. (2010). The
fungus is deposited at the Brazilian Collection of Environmental
and Industrial MicroorganismseCBMAI (CPQBA, Campina State
University- NICAMP, Campinas, SP, Brazil) and Central of Microbial
Resource-CRM-UNESP (Biosciences Institute, S~ao Paulo State
University-UNESP, Rio Claro, SP, Brazil) under the accession
numbers CBMAI 1063 and CRM 205, respectively.

The laccases production mediumwas prepared according to the
patent INPI/BR: 10 2014 0085 and contained 2.00 g L�1 of yeast
extract, 2.74 g L�1 of bacteriological peptone, 1.36 g L�1 of malt
extract powder, and 2.74 g L�1 of glucose, added in 65 % (v/v) of
artificial seawater (ASW) (Kester et al., 1967). The medium was
supplemented with an aqueous solution of 1.00 M of CuSO4 to a
final concentration of 2.0 mM. The initial pH of the medium was
established at 4.5 and all the experiments were proceeded at 28 �C
and 140 rpm.

The fungus was firstly cultivated in standard Petri plates con-
taining 2 % of Malt Extract Agar and incubated at 28 �C. After
seven d of growth, six agar-plugs (0.9 cm in diameter) from the
Petri plates were inoculated into 125 mL Erlenmeyer flasks con-
taining 50mL of the nutrient medium. The flasks were kept at 28 �C
under constant agitation (140 rpm) for 7 d. The inoculated flasks
were then used as bioreactors inoculum at an equivalent propor-
tion of 8.5 % (v/v) of the stipulated bioreactor working volume.

2.2. Flask experiments

The experiments in flask scale were performed in order to
evaluate the influence of the saline condition and CuSO4 on the
laccases production. The fungus Peniophora sp. CBMAI 1063 was
cultured in the optimized medium (see above) formulated with
65 % (v/v) of ASW (artificial seawater) and supplemented with
CuSO4 (2.00 mM). The experiments were performed, considering
the presence (þ) and absence (�) of ASW and CuSO4: ASW(þ)/
CuSO4(�), ASW(�)/CuSO4(�), ASW(þ)/CuSO4(þ), and ASW(�)/
CuSO4(þ). The experiments were carried out in duplicates during
7 d at 28 �C and under a constant agitation rate of 140 rpm.

2.3. Bioreactors

The stirred tank (ST) bioreactors used in the experiments were a
1.20 L working volume BioFlo 115 (New Brunswick Scientific, US)
and a 3.50 L working volume vessel Fermac 320 (Electrolab Limited,
UK). The BioFlo 115 vessel measured 29.00 cm in height and
24.00 cm in width. The Fermac 320 vessel measured 24.60 cm in
diameter and 47.50 cm in height. The 1.20 L ST bioreactor was
agitated using one Rushton-type impeller and the 3.50 L bioreactor
with two Rushton-type impellers. The compressed air was filtered
through a 0.20 mm filter and injected into both bioreactors through
a central sparger placed at the bottom of the vessels.

The Air-lift (AL) bioreactor was a modified version of a Micro-
ferm MF-441 (New Brunswick Scientific, US), with a vessel
measuring 46.00 cm in height and 14.50 cm in diameter and
working volume of 3.50 L. Following some modifications proposed
by Cui et al. (2007), the impellers were removed and a stainless
steel cylinder that measured 14.50 cm in diameter and 45.00 cm in
height was added to the vessel. The compressed air, bubbling from
the cylinder base, provided an internal-loop recirculating flow,
archiving both homogenization and oxygen transfer into the broth,
with lower shear stress for the mycelia.

During all the experiments, the temperature was automatically
adjusted to 28 �C by a thermal blanket and an internal heat
exchanger on Fermac 320 and Microferm MF-441 and by a water-
jacketed glass vessel on BioFlo bioreactor. Sterile deionized water
was daily added to the broth to reduce the loss of bulk liquid by
evaporation, as proceeded by Cui et al. (2007). The concentration of
the dissolved oxygen (DO) and the pH of the medium were
measured by electronic probes. The biomass concentration and the
enzymatic activities were measured by the analytical methods
described below.

2.4. Initial kLa determination

The initial volumetric oxygen transfer coefficient (kLa) value
were determined in distilled water using the static gassing-out
method, as described by Pirt (1975). The method estimates the
kLa value as a function of the agitation and aeration conditions,
based on the oxygen dissolution rate. In keeping with this method,
nitrogen gas was injected through the air sparger at the bottom of
the bioreactor up to a deoxygenated condition. Then, air from a
pressurized gas cylinder was passed through, replacing the nitro-
gen and increasing the rate of dissolved oxygen concentration
(Marques et al., 2009). Themass balance for the dissolved oxygen in



Fig. 1. Laccase activity and biomass concentration obtained after 7 d cultivation of the
fungus Peniophora sp. CBMAI 1063 in flask scale conditions using ABTS as substrate.
The positive sign (þ) indicates the presence and the negative sign (�) indicates the
absence of the respective constituent: ASW (Artificial Sea Water) and CuSO4 (copper
sulfate). The experiments were done in duplicates under a constant agitation rate of
140 rpm at 28 �C. Different letters indicate statistical differences (P < 0.05) by the
Tukey's test.
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a well-mixed liquid phase was described through the conventional
Pirt mathematical model showed in Eq. (1):

dC/dT ¼ kLa (CseC) (1)

where dC/dt is the rate of O2 accumulation in the liquid phase; kLa is
the volumetric mass transfer coefficient (h�1); (CseC) is the driving
force causing the mass transfer and refer to the liquid phase oxygen
concentration and its saturation at any time, respectively.

2.5. Laccase purification

For laccase purification, the crude fungal extract from the ST
fermentation was filtered using Whatman® paper filter n.1. The
supernatant was concentrated through an Amicon® membrane
(30 kDa cut-offeMillipore) and exchanged into a 50.00mM Tris HCl
buffer pH 7.0. The enzyme concentrate was submitted to an ion
exchange chromatography (DEAE-Sepharose Fast Flow GE Health-
care 20.00 mL) in 1.00 M NaCl gradient (0e100 %) followed by size
exclusion chromatography (Superdex200® HiLoad GE Healthcare
124.00 mL) using Tris HCl 50.00 mM/0:15.00 M NaCl pH 7.0 buffer
as the eluent. Both purification steps were carried out using an
automated AKTA® system equipped with UV detector (280 nm) at a
flow rate of 1.00 mL min�1. To determine the purity of the protein
preparation and its molecular weight, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed
with a 12 % polyacrylamide gel containing 0.1 % SDS. Laccase was
treated before it was loaded onto the gel with b-mercaptoethanol
and boiled at 100 �C for 10 min. The protein was visualized by
staining the gel with Coomassie blue G-250 (Bio-Rad, US) and
compared with molecular weight markers (PageRuler Unstained
Protein Ladder Thermo Scientific®). The protein concentration was
determined by the Bradford method (Bradford, 1976).

2.6. Structural analyses

The Far-UV circular dichroism (CD) spectra were recorded on a
Jasco J-810 spectropolarimeter (Jasco International Co.). Protein
measurements were carried out in a 1.00 mm quartz cuvette, using
the wavelength range of 190e250 nm and this represents the
accumulation of ten runs. Besides the evaluation of secondary
structures, the circular dichroism (CD) technique was also used to
verify the thermal stability of the enzyme.

2.7. Analytical methods

For biomass quantification, aliquots of 20.00 mL were taken
every 12 h and vacuum-filtered using Whatman® paper filter n. 44.
The retained biomass was washed with deionized water and dried
at 103 �C until constant weight. The biomass was cooled to room
temperature and weighed using an analytical balance (Bailey et al.,
2007).

The glucose concentration was spectrophotometrically deter-
mined in triplicates by the enzymatically and commercial-available
Kit de Glicose-PP® (Gold Analisa, BR), based on Barham and Trinder
(1972) description. The samples were denatured at 100 �C for
20 min before the sugar measurement.

The laccase activity was determined using 2.20-azino-bis-eth-
ylbenthiazoline (ABTS) and Syringaldazine (SGD) as substrates. The
ABTS oxidation was measured by monitoring the absorbance in-
crease at 420 nm (ε ¼ 36,000 M�1 cm�1) in sodium acetate buffer
(pH 5.0) at 37 �C for 6 min. One unit of enzyme activity was defined
as the amount of enzyme required to oxidize 1.00 mmol of ABTS per
minute (Buswell et al., 1995). The SGD oxidation was monitored at
525 nm for 5 min (readings every 20 s) at room temperature in a
spectrophotometer Tecan® Infinite. One unit of enzyme activity was
defined as the amount of enzyme required to oxidize 1.00 mmol of
SGD per minute (Felby et al., 1997). To determine the optimum pH
and temperature profiles, the enzymatic reactions were carried out
on a different pH buffer system and at different temperatures using
SGD as substrate, since it is more stable to chemical oxidation than
ABTS and suitable for low pH values reactions. For thermostability
evaluation, laccase was incubated at 30, 40, 50, 60, and 70 �C, and
aliquots were taken at intervals of 5e120 min and their residual
activity was measured in the laccase optimum pH using 0.05 M
phosphate-citrate buffer. All assays were performed in triplicates.

3. Results and discussion

3.1. Flask scale experiments

Flask scale experiments indicated that fungus Peniophora sp.
CBMAI 1063 could produce 2.900 U mL�1 of laccase and 3.60 g L�1

of biomass in 7 d of cultivation (168 h). The maximum enzymatic
and biomass productivity were 0.41 UmL�1 d�1 and 0.50 g L�1 d�1,
respectively. In our experiments, we concluded that the fungus
Peniophora sp. CBMAI 1063 was able to produce laccase only in the
presence of both ASWand CuSO4. The lack of copper in the reaction
medium inhibited the laccase production by the fungus, and the
lack of ASW strongly decreased both laccase activity and the final
fungal biomass concentration (Fig. 1).

The highest enzymatic activity was similar to that one obtained
in ST bioreactor experiments after seven d of incubation using the
same optimized culture conditions. However, maximum enzymatic
activity in the bioreactor was achieved in a higher volume and in a
shorter period of time (5 d of incubation).

3.2. Laccase production in ST bioreactor

Agitation and aeration rates are considered as important pa-
rameters for the production of laccases in ST bioreactors (Saat et al.,
2014). According to McNeil and Harvey (2008), both aeration and
agitation rates in ST bioreactors supply the fermentation system
with oxygen and provides the mixture of the moist. Those
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parameters also promote deep changes in the fungus morphology
and physiology, and direct affect the medium rheology, thus, the
solubility of oxygen in the medium (Cui et al., 1997; Fazenda et al.,
2008; Posch et al., 2013).

In the present study, the best agitation rate for laccase pro-
duction was determined in smaller ST bioreactors of 1.20 L
working volume. Results revealed that highest laccase activity and
productivity was obtained at 150 rpm of agitation rate, with
values of 1.40 U mL�1 and 0.28 U mL�1 d�1 (Table 1). In agitation
rates of 200 and 250 rpm the enzymatic activities were lower. The
effect of excess of agitation in the production of laccases in ST
bioreactor were also reported by Hess et al. (2002) and Fenice
et al. (2003), using the fungus Panus tigrinus and Trametes multi-
color, respectively. According to the authors, the decrease of the
enzyme production was related to the hydrodynamic stress
caused by the shearing. Tinoco-Valencia et al. (2014), in the other
hand, attributed the reduction of laccase production by the fungus
Pleurotus ostreatus mainly by the synthesis of proteases than by
the hydrodynamic stress itself. Production of proteolytic enzymes
by the fungus P. ostreatus was also reported by Palmieri et al.
(2001) and Mazumder et al. (2009).

The effect of shearing stress on immobilized fungal cells in the
production of laccase was investigated by Silv�erio et al. (2013),
using the basidiomycetes Peniophora cinerea and Trametes versi-
color. According to the authors, the immobilization of P. cinerea
provided an increasing of 35-fold on the laccase production, while
the immobilization of T. versicolor caused a decreased on the laccase
activity. Indeed, despite its great importance, there is still no simple
correlation between the fungal morphology and fermentation
productivity (Grimm et al., 2005). As suggested by Schürgel (1990),
the behavior of each microorganism should be individually studied
for an efficient fermentation performance.

Both aeration rates tested (1.00 and 0.50 vvm) showed, indeed,
similar results of laccase activity and biomass concentration, with
values around 2.80 U mL�1, and 4.50 g L�1, respectively (Table 2).
However, there was a 24 h delay to reach the maximum value of
laccase activity and biomass concentration in lower aeration rate
(0.5 vvm), which culminated in a reduction of nearly 17 % of the
enzymatic and 23 % of the biomass productivity (Fig. 2). The low
aeration rate also resulted in a decrease of 20 % of the laccase
synthesis rate (Table 2).

Laccases are generally produced during the secondary meta-
bolism of the fungus (Viswanath et al., 2014). According to Galhaup
et al. (2002), their synthesis starts when the glucose is nearly ab-
sent from the medium, below a certain critical level. In the expo-
nential growth of the microorganism, during the consumption of
glucose, the metabolism of the fungus is intensified and coincides
with a decrease of the dissolved oxygen (DO) concentration in the
medium (Bettin et al., 2011; Saat et al., 2014). In our experiments,
the DO concentration sharply decreased during the initial day,
while the glucose was being consumed (Fig. 2). Then, when the
glucose was almost depleted from the medium, the enzyme started
to be synthetized.
Table 1
Laccase activity, synthesis rate, and productivity obtained after Peniophora sp. CBMAI 1
different agitation rates. The laccase activity was measured in triplicates using ABTS as s

Maximum Values* Agitation Rate (rpm)

50 100

Laccase Activity (U mL�1) 1.23 ± 0.08 (120 h) b 1.05 ± 0.01 (120 h
Enzyme Productivity (U mL�1d�1) 0.24 ± 0.01 b 0.21 ± 0.00 c
Synthesis Rate (U mL�1d�1) 0.46 ± 0.00 ab 0.35 ± 0.05 c

Different letters on the columns indicate statistical differences (P < 0.05) by the Tukey's
The cultivation in the 3.50 L ST bioreactor at 150 rpm of agitation
rate and 1.00 vvm of aeration rate (kLa of 17.20 h�1) resulted in a
maximum laccase activity of 2.80 U mL�1 (120 h) and biomass
concentration of 4.50 g L�1 (84 h) (Table 2). This experiment
resulted in a maximum enzymatic and biomass productivity of 0.56
U mL�1 d�1 and 1.30 g L�1 d�1, respectively. The highest value of
laccase synthesis rate was 1.09 UmL�1 d�1. The glucose took 48 h to
be consumed from the medium, which meant a degradation rate of
1.13 g L�1 d�1 (Fig. 2A).When the experimentwas carried out under
the same agitation rate (150 rpm) but lower aeration rate (0.50
vvm) the enzymatic and biomass productivity were 0.46
U mL�1 d�1 and 1.00 g L�1 d�1, respectively. The laccase was syn-
thesized at a rate of 0.87 UmL�1 d�1 and the sugar took around 84 h
to be consumed from the medium, with a degradation rate of
1.04 g L�1 d�1 (Fig. 2B). The reduction of 50 % of aeration rate
(0.50 vvm) did not significantly affected the peak of laccase activity
(2.80 U mL�1) nor the maximum biomass concentration
(4.50 g L�1).

Noteworthy, even though the DO concentration reach the con-
centration of 5 %, around hour 70, no significantly change was
observed in the highest values of enzymatic activity (Fig. 2B).
According to Liu et al. (2013) an efficient production of laccase
(72.00 UmL�1) by the fungus Pycnoporus sp. SYBC-L3 was achieved
even with a sharp decrease of the DO concentration to the value of
3 % on the third d of cultivation. Tinoco-Valencia et al. (2014) also
reported that the laccase production (3.80 U mL�1) by the fungus
P. ostreatus CP-50 in a 10.00 L ST bioreactor was enhanced in low
oxygen transfer rates.

Other studies related to the laccase production in bioreactor
scale have been reported in the literature, however all of themwere
carried out in non saline conditions. Galhaup et al. (2002) reported
the production of 330.00 U mL�1 of laccase after 405 h in a 15.00 L
working volume ST bioreactor by the white rot fungi T. pubescens
MB89. Bettin et al. (2011) described the production of 40.00 UmL�1

of laccase in six d by the fungus Pleurotus sajor-caju PS-2001 in a
5.00 L ST bioreactor. Fenice et al. (2003) reported the production of
4.60 U mL�1 of laccase activity after 13 d by the fungus P. tigrinus
CBS 577.79 in a 3.00 L ST bioreactor.

The pH of the medium is another crucial aspect in fungal
fermentation, influencing the function of the cell membranes, cell
morphology and structure, solubility of salts and nutrients, ionic
state of the substrates, the biomass, and the metabolite formation
(Fazenda et al., 2008). In our experiments, when the initial pH was
set to 4.5, the medium suffered a smoothly acidification to 4.3
during the two initial day, meanwhile the sugar was being
consumed from the medium (Fig. 2A). Then, the pH of the medium
increased until the end of the experiment, reaching the value of
7.5 at 144 h. According to Fazenda et al. (2008) and Eggert (1997),
the pH of the medium drifts due to the elimination of waste
products and the formation of certain organic acids (e.g. cinnabar-
inic acid) that follows the laccase synthesis. When the initial pH of
the mediumwas set to 8.0, the highest laccase activity and biomass
concentration had a reduction around 75 % (0.70 U mL�1) and 50 %
063 cultivation in a 1.20 L ST bioreactor under fixed aeration rate of 1.00 vvm and
ubstrate.

150 200 250

) c 1.40 ± 0.01 (120 h) a 1.07 ± 0.02 (96 h) c 1.06 ± 0.01 (96 h) c
0.28 ± 0.00 a 0.27 ± 0.00 a 0.27 ± 0.00 a
0.43 ± 0.00 b 0.42 ± 0.01 b 0.50 ± 0.00 a

test.



Table 2
Maximum enzyme activity, biomass concentration, synthesis rate, and productivity obtained after Peniophora sp. CBMAI 1063 cultivation in flask and bioreactor (3.50 L ST and
AL) scales. The laccase activity was measured in triplicates using ABTS as substrate.

Scale Cultivation Parameters Laccase Biomass Glucose

Agitation
rate (rpm)

Aeration
rate (vvm)

Initial
pH

Lac Activity (U mL�1)
(Achieved hour)

Enzyme
Productivity
(U mL�1 d�1)

Enzyme
Synthesis Rate
(U mL�1 d�1)

Biomass Concentration
(g L�1) (Achieved hour)

Biomass Productivity
(g L�1 d�1)

Consumption
rate (g L�1 d�1)
(Exhaustion hour)

Flask 140 e 4.5 2.90 ± 0.38 (168) a 0.41 ± 0.05 b e 3.60 ± 0.38 (168) b 0.50 ± 0.05 c e

ST1 150 0.50 4.5 2.80 ± 0.09 (144) a 0.46 ± 0.01 b 0.87 ± 0.00 ab 4.50 ± 0.04 (108) b 1.00 ± 0.00 b 1.04 ± 0.04 (84) a
ST2 150 1.00 4.5 2.80 ± 0.05 (120) a 0.56 ± 0.00 a 1.09 ± 0.13 a 4.50 ± 0.43 (84) b 1.30 ± 0.12 a 1.13 ± 0.14 (48) a
ST3 150 1.00 8.0 0.70 ± 0.01 (116) c 0.14 ± 0.00 d 0.59 ± 0.23 bc 2.30 ± 0.26 (104) c 0.50 ± 0.06 c 0.95 ± 0.15 (69) a
AL e 1.00 4.5 2.30 ± 0.02 (168) b 0.33 ± 0.00 c 0.41 ± 0.06 c 5.80 ± 0.23 (96) a 1.40 ± 0.05 a 0.55 ± 0.14 (120) b

Different letters on the columns indicate statistical differences (P < 0.05) by the Tukey's test.

Fig. 2. Time course of laboratory cultivations of the fungus Peniophora sp. CBMAI 1063 in a 3.50 L working volume ST bioreactor under constant agitation rate of 150 rpm. The upper
graphs indicates the laccase activity (using ABTS as substrate), the glucose and the biomass concentration. The lower graphs indicates the concentration of Dissolved Oxygen (DO)
and pH of the medium during the fermentation. (A) Fermentation carried out under 1.00 vvm of aeration rate and initial pH of 4.5. (B) Fermentation carried out under 0.50 vvm of
aeration rate and initial pH of 4.5. (C) Fermentation carried out under 1.00 vvm of aeration rate and initial pH of 8.0. Different letters indicate statistical differences (P < 0.05) by the
Tukey's test.
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(2.30 g L�1), respectively (Table 2). There was also a decrease
around 55 % on the laccase synthesis rate (0.59 UmL�1 d�1), but no
significant decrease was observed on the glucose consumption rate
(0.95 g L�1 d�1) (Fig. 2C).

The DO concentration profile indicated a smoother curve when
compared to the previous experiment with initial pH of 4.5
(Fig. 2C). However, the production of laccases in this experiment
started when the pH of the mediumwas around 4.3 (84 h) and the
final pH was also the same as the previous cultivation, around 7.5.
Díaz et al. (2013) showed highest production of laccases and
biomass by the fungus P. ostreatus ATCC 32783 also at initial pH of
4.5 (around 70.00 U mL�1) and lowest at pH of 8.5 (16.31 U mL�1).
The authors observed that the initial pH of the medium was an
important factor for regulating the expression of the laccase
isoenzyme genes.

3.3. Laccases production in a modified AL bioreactor

AirLift is a type of bioreactor that do not require mechanical
stirrers for mixing and the contents are pneumatically agitated by
a stream of air or others gases, generally injected at the bottom of
the vessel (Merchuk, 1990). AirLift bioreactors are simple to
construct, demands less energy in comparison to ST bioreactors
and imposes less hydrodynamic stress to the cells (Znad et al.,
2004). On the other hand, the distributions of nutrients and tem-
perature in the AL bioreactors are rather non-uniform due to the
low intensity of the medium mixing (Schürgel, 1990). An insuffi-
cient mass transfer can limits the availably of oxygen and nutrients
to the fungal cells and cause severe impacts in the fermentation
performance (Posch et al., 2013).

The successfully production of laccase in AL bioreactors were
reported by Couto et al. (2006) in experiments carried out with the
fungus Trametes hirsute in a 6.00 L vessel, and Liu et al. (2013) in
experiments carried out with Pycnoporus sp. SYBC-L3 in a large
65.0 L AL bioreactor. In the present study, the cultivation of the
fungus in the modified AL bioreactor resulted in a maximum
laccase activity of 2.30 U mL�1 (168 h) and biomass concentration
of 5.80 g L�1 (96 h). The highest enzymatic and biomass produc-
tivity were 0.33 U mL�1 d�1 and 1.40 g L�1 d�1, respectively. The
rate of laccase synthesis observed in the AL cultivation was 0.41
U mL�1 d�1. The glucose had a degradation rate of 0.55 g L�1 d�1

(Table 2).
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The fungus Peniophora sp. CBMAI 1063 showed 18 % lower
maximum enzymatic activity in the AL bioreactor (2.30 U mL�1) in
comparison to the ST bioreactor (2.80 U mL�1). Additionally, the
highest activity was obtained at 168 h, causing a decrease of nearly
40 % in the enzymatic productivity. The rate of glucose consump-
tion and laccase synthesis in the AL cultivation were 50 % and 60 %
lower in comparison to the ST experiments, suggesting that the
fungus developed a smoother metabolism.

Schürgel, 1990 reported that a highest productivity of peni-
cillin V by the fungus Penicillium chrysogenum could be achieved
more in an AL bioreactor than in a ST bioreactor. The author,
however, preferred the use of the ST bioreactor due the need of a
correct morphological adaptation of the cells for a good pro-
duction performance in the AL bioreactor. The main issue
appointed from the author was the necessity of a sufficient
amount of oxygen to achieve a maximum productivity, which
requires a low viscosity medium. In our experiments, Peniophora
sp. CBMAI 1063 showed good ability to adapt to the AL condi-
tions and there was no evidence of a highly viscous medium. The
fungal morphology and the medium viscosity, as exemplified by
Schürgel, 1990, had a great importance in the fermentation
performance.
3.4. Laccase characterization

A typical fungal laccase has an average molecular weight be-
tween 50 and 130 kDa (Senthivelan et al., 2016). The crude extract
from the ST bioreactor experiment was purified and the main lac-
case from Peniophora sp. CBMAI 1063 appeared to be monomeric
with a molecular weight (MW) of approximately 55 kDa (Fig. 3A).
Laccases are known to oxidize a wide range of substrates, which
includes ortho and para diphenols, aromatic amines, polyphenols
and methoxy phenols (Desai and Nityanand, 2011; Strong and
Claus, 2011). After purification, the specific activity of the laccase
from Peniophora sp. CBMAI 1063 enzyme increased from 1.68 U
mg�1 to 30.80 U mg�1 using SGD as substrate and from 54.50 U
mg�1 to 986.00 U mg�1 using ABTS as substrate.

Laccase activity and thermostability was investigated at
different pH values and temperatures using SGD as substrate, a
preferable substrate for the enzymatic characterization due do their
electron donor dependency to the pH solution (Rodgers et al.,
2009). Laccase from the fungus Peniophora sp. CBMAI 1063 was
fully heat-stable at 30 �C (up to 120 min) and retained 60 % its
activity after 20 min when incubated at 40 and 50 �C. The enzyme
lost its activity after 20 min when incubated at 60 and 70 �C
(Fig. 3B). The optimum pH for laccase oxidation of SGD was 5.0
Fig. 3. (A) Peniophora sp. CBMAI 1063 extract before gel permeation chromatography (left) a
(▪) 40 �C (C) 50 �C (:) 60 �C (;) and 70 �C (=) using SGD as substrate. (C) Optimum
laccase recorded at 20 �C before (black line) and after incubation from 20 to 90 �C at a rate o
ellipticity at 215 nm wavelength. Error bars represent the standard errors based on the me
(Fig. 3C). The enzyme retained more than 50 % of its stability at pH
4.0 and 40 % at pH 6.0.

According to Madhavi and Lele (2009), the optimal temperature
of laccases greatly differs from one to another strain. Heinzkill et al.
(1998) mentioned that the laccase from the wood rotting fungus
Polyporus pinsitus remained 27 % active at 60 �C. Schneider et al.
(1999) reported a laccase from Coprinus cinereus that showed op-
timum temperature between 60 �C and 70 �C. Patel et al. (2013)
reported a laccase from the fungus P. ostreatus HP-1 stable at
temperatures up to 70 �C. The high stability of fungal laccases is
attributed to the presence of covalently linked carbohydrate, from
10 to 45 % of total molecular mass (Claus, 2004). The carbohydrate
compounds is formed mainly by mannose, hexamine, glucose,
fructose, galactose, and arabinose (Senthivelan et al., 2016).
Rodgers et al. (2009) suggests that the glycosylation may stabilize
the copper activity centers, directs the protein secretion, prevents
proteolysis attacks, and enhances the enzyme thermostability.

The optimum value of pH for laccase activities highly depends
on the substrate (Desai and Nityanand, 2011). According to Baldrian
(2004), laccases generally forms a bell-shaped profile and exhibits
higher activity at acid medium. In our study, the highest activity
was obtained at pH 4.5, within the expected when compared to
other fungal laccases, whose activity generally shows optimal SGD
oxidation at pH between 4.0 and 7.0 (Baldrian, 2004). Laccase from
the fungus Didymocrea sp. reported by Tetianec et al. (2014)
showed optimal oxidation of SGD at pH 8.0. In the experiments
carried out by Coll et al. (1993) and Mu~noz et al. (1997) fungal
laccases ranged from 3.0 to 9.0 and from 3.0 to 10.0, respectively.
Additionally, Baldrian (2004) reported a laccase from the white-rot
fungus Daedalea quercina with half-life of 28 min at pH 5.0 and
6 min at pH 3.0.

The native spectrum of the laccase produced by the marine-
derived fungus Peniophora sp. CBMAI 1063 obtained from the CD
method is shown in Fig. 3D. The CDmethod allows the evaluation of
the denaturation of the protein bymonitoring changes in its optical
activity as a function of temperature or denaturing agent
(Greenfield and Fasman, 1969). The results obtained from the
technique revealed that there was little change on the laccase CD
spectrum after incubation from 20 to 90 �C (rate of 1 �C min�1),
indicating high stability in terms of secondary structure (dark line,
Fig. 3D). However, the loss at 215 nm in the CD spectrum indicated a
protein unfolding (dark line, Fig. 3D). The CD datawas confirmed by
the enzymatic assays under the determined conditions.

Fungal laccases often display high number of b-barrel arrange-
ment in their secondary structure, which is considered as a crucial
factor for their activity maintenance (Bonomo et al., 2001; Liu et al.,
nd laccase after two purification steps. (B) Thermostability of laccase evaluated at 30 �C
pH value of laccase reaction using SGD as substrate. (D) Circular Dichroism spectra of
f 1 �C min�1 (dark line). The thermal unfolding was monitored by the change in molar
ans of triplicate experiments.



P.H. Mainardi et al. / Fungal Biology 122 (2018) 302e309308
2017). According to Schneider et al. (1999) and Liu et al. (2016),
laccases from the fungus C. cinereus and Pycnoporus sp. SYBC-L3
were also mainly composed of b -sheet arrangement. Interest-
ingly, Liu et al. (2017) suggested that laccase from the bacteria
Klebsiella pneumonia was mainly consisted of a-helix structures.
Tang and Coleman (1968) compared the CD spectra of the Blue
Copper Protein from Pseudomonas aeruginosa and laccase B from
Polyporus versicolar. The author verified that the Blue Protein had a
mixture of approximately 40 % of a-helix, 37 % of b-structures, and
23 % of random coil, while the laccase B indicated that the majority
of the peptides bonds were incorporated in a mixture of b-struc-
tures. The secondary structure of the proteins and their folding
patterns are highly dependent on the pH, ionic strength and pres-
ence of salt (Bonomo et al., 2001).

4. Conclusions

The marine-derived basidiomycete Peniophora sp. CBMAI 1063
was able to produce significantly amounts of enzyme in both ST and
AL bioreactor. The experiments in the ST bioreactor resulted in
higher production of laccase, while the AL bioreactor in higher
biomass formation. The agitation and aeration rates, as well as the
initial pH of the medium, directly influenced the production of
laccase and fungal biomass. The purified laccase was mostly
composed by b-sheet arrangement and showed good structural
stability towards thermal and pH stress. Results from the present
study highlight the relevance of the blue biotechnology, since the
fungus was isolated from a marine sponge and produced great
amounts of laccase only in the presence of salinity, showing to be
naturally adapted to the marine environment. Peniophora sp.
CBMAI 1063 represents a new microbial resource for laccase pro-
duction and biotechnological applications, mainly under saline
conditions and/or processes.
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