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Due to the ability to catalyze the oxidation of several substrates, the enzyme laccase has
been used in several applications, among them the bioremediation of emerging pollutants.
This work evaluate the capacity of the cocoa agro-industrial residue to induce the production
of Pycnoporus sanguineus laccase and to apply the enzymatic extract in the biodegradation
of 17-a-ethinylestradiol (EE2). The macro and micronutrient levels of the cocoa residue were
previously evaluated to establish correlations with induction of enzymatic production. The fungus
was cultured for 7 days at 28 °C and shaking at 150 rpm. For the biodegradation, the enzymatic
extract of laccase was added to the solution of EE2 and the percentage of removal was evaluated.
The production of enzyme extract was notably increased by the addition of only 1% (m v~!) of
agro-industrial cocoa residue. Laccase activity reached 3920 U mL~" on the 7" day of cultivation,
being superior to the positive control (511 U mL™"). The percentage of EE2 removal was 63%
after 4 h, and after 8 h of reaction the EE2 concentration was below the limit of detection (LOD,
0.35 pg mL™"). Analysis showed the presence of kojic acid in the enzyme extract, constituting a
powerful redox mediator, capable of enhancing the action of laccase.
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Introduction

Brazil is one of the countries with the largest
agricultural production in the world. Increased production
implies the generation of waste, as well as the generation
of byproducts, representing about 30 to 40% of fruit
processing, contributing to increased costs, losses and
environmental problems.! Residues and byproducts are
mostly obtained from seeds and bark, which are the
fractions with the highest lignocellulose content.? Among
the main byproducts generated in Brazil, we highlight
those coming from cocoa and its co-products. Cocoa
(Theobroma cacao L. (Sterculiaceae)) is a tropical fruit of
great interest to the industry due to its high consumption
in the national and international markets, which has led
to increased production and extraction. Products of food
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interest (i.e., liquor, chocolate) and for the cosmetic
industry are generated from the fruit.>¢

The utilization of residues and byproducts from the
agro-industrial process is valid, since the main component
of plant biomass is lignocellulose, which represents an
important source of renewable organic matter.” Its structure
consists of a complex matrix of cellulose, hemicellulose
and lignin with an approximate ratio of 2:1:1% and small
amounts of extractives, minerals, proteins and pectin.*!°

The fungi of the genus Pycnoporus sp. are part of
the large group of white decomposing basidiomycetes,
capable of degrading lignocellulose. Fungi of this genus
produce large amounts of enzymes capable of degrading
this biopolymer such as laccase and cellulase, and are used
in various biotechnology applications.''> For example, the
fungal enzyme laccase is a multicolor oxidase that catalyzes
the oxidation of phenolic molecules with the concomitant
reduction of oxygen to water.
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Its versatility and substrate specificity, with its high
ability to catalyze a variety of reactions, make laccase one
of the most important fungal enzymes. Several applications
have been reported, such as in the food industry,"
textile industry,'* nanobiotechnology.'> We highlight the
application of laccase in the bioremediation of emerging
pollutants, as it is an important environmental problem.!'*-!8
Among the emerging pollutant compounds, the most
worrying are the drugs and the residues of toiletries. Drugs
are released into the environment through excreta!® or
improper disposal®*?!' and act in specific ways on organisms
potentially affecting their reproduction.

Hormones such as estrone, estradiol, and ethinylestradiol
are major contributors to estrogenic activity in sewage
effluents and their presence in water can interfere with
endogenous hormones, even at concentrations as low as
0.1 ng L2 Synthetic estrogens such as 17-o.-ethinylestradiol
(EE2) are used as contraceptives and in hormone replacement
therapies. As they are not completely metabolized by the
body, they are excreted in wastewater, reaching the treatment
plants. By not being degraded in treatment plants, they are
released into the environment.?>*

Degradation of this type of compound poses an important
ecological challenge due to its complex structures and low
bioavailability.”> Conventional physical removal methods or
biological treatment can only achieve partial degradation.?
Some advanced treatment processes, €.g., ozonation,
advanced oxidative processes (AOPs) and reverse osmosis,
effectively remove estrogens from wastewater. However,
these technologies have several important disadvantages,
such as high costs, time-consuming methodologies and
toxic waste formation.?”’” Thus, new processes are needed
to remove hormones from environmental matrices in a
cost-effective manner. The objective of this work was to
use Pycnoporus sanguineus laccase in EE2 biodegradation,
using the cocoa agro-industrial residue as the enzyme
inducing agent.

Experimental
Vegetal material

The cocoa agro-industrial residue was supplied by
the Natura® Plant Extraction Unit, Benevides, Pard. The
plant material was dried in a forced air oven at 40 °C.
The processing was done by grinding and the grain
size was standardized to 60 mesh. The methodology of
characterization of plant material followed that described
by Embrapa.?® Nitrogen content was measured by the
Kjeldahl® method. Potassium content was measured by
flame photometry (Benfer BEC 150). Phosphorus, calcium,
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magnesium, copper, iron, manganese and zinc were
analyzed by atomic absorption spectrometry (PerkinElmer
model 306). Analyses were performed in triplicate. The
total fiber content was made following the methodology
of Scharrer and Kurschner described in the literature.*

P, sanguineus laccase production

The strain of Pycnoporus sanguineus American Type
Culture Collection (ATCC) 4518 was obtained from the
André Tosello Foundation in Campinas, Sdo Paulo, Brazil.
The fungus was kept in PDA (potato dextrose agar) medium
(HiMedia, Mumbai, India) in the dark, stored at 4 °C
and peaked monthly to maintain the cultures. The agro-
industrial residue was added in an amount of 1% (m v~')
to 250 mL vials containing 60 mL of PDB (0.5% potato
dextrose broth) (HiMedia, Mumbai, India) medium. The
culture medium containing the residues was autoclaved at
1 atm, 120 °C for 20 min. Then 5 discs (6 mm) of the solid
culture fungus were inoculated into the liquid medium
containing agro-industrial residues. The flasks were
incubated at 28 °C under shaking at 150 rpm for 7 days.
The assay was performed in triplicate.

Negative controls (microorganism cultured in the
absence of agro-industrial residues) and positive controls
(microorganism cultured in the presence of synthetic
inducer) were performed. For the positive controls, the
fungus was grown in malt extract (HiMedia, Mumbali,
India) culture medium with 0.0005% CuS0O,.5H,0 (Vetec,
Rio de Janeiro, Brazil) and 0.4 mmol L' of 2.5-xylidine
(Sigma-Aldrich, Bellefonte, USA).

Enzyme activity assay

Laccase activity was determined every 24 h during
7 days of cultivation, using syringaldazine (Sigma-Aldrich,
Bellefonte, USA) as substrate. A modified method based
on Szklarz et al.*' was used. The components of the
mixture were: 10 puL of crude enzyme extract, 890 pL of
50 mmol L' sodium acetate buffer (pH 5) and 100 pL of
1.0 mmol L' syringaldazine prepared in ethanol (Merck,
Sdo Paulo, Brazil). The reaction was initiated by the
addition of syringaldazine (molar extinction coefficient
€535 nm = 05000 L mol~! cm™!). One unit of enzymatic activity
was defined as the amount of enzyme capable of oxidizing
1.0 umol substrate per min. The result is expressed in U mL™".

Ethinylestradiol biodegradation

A volume of 200 U of enzymatic activity of the cocoa
residue-induced crude extract was added to 150 mL
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Erlenmeyer flasks containing 10 mL of 50 mM acetate
buffer (Vetec, Rio de Janeiro, Brazil), pH 5.0, and 10 mL
of 10 mg L' ethinylestradiol (Sigma-Aldrich, Bellefonte,
USA) solution (final concentration 5 mg L™'). The vials
were placed under agitation at 150 rpm at 25 °C. After 4 h,
200 uL of 1 mol L' NaOH solution (Vetec, Rio de Janeiro,
Brazil) were added to stop the enzyme activity. Quantitative
analyzes of compost degradation were performed at the
State University of Campinas (UNICAMP), Chemical,
Biological and Agricultural Research Center (CPQBA),
following a methodology validated by Santos et al.** The
high-performance liquid chromatography (HPLC) was
used under the following conditions described in Table 1.

Table 1. Chromatographic conditions

LC-DAD Alliance Waters

Pump Waters 2695

Detector Waters 2996

Column Prodigy ODS(3) (150 x 4.6 mm)
Detection reading = 280 nm (sweep = 200 to 500 nm)
Temperature / °C 30

Flux / (mL min™") 0.7

Injection volume / uL. 10

Gradient elution CH,CN/H,0 (1:1)

Software Waters Empower

LC-DAD: liquid chromatography-diode array detector.

In order to verify the influence of other components
present in the enzymatic extract with possibility of oxidizing
the hormone to be biodegraded, a control containing 10 mL
of 50 mM acetate buffer pH 5.0, 10 mL of 10 mg L'
ethinylestradiol solution and a volume corresponding to 200 U
of activity was carried out. However, the enzyme broth was
boiled for 30 min for complete inactivation of the enzymes.
This control was called IEC (inactive enzyme control).

It was also made a system containing only buffer and
hormone solution, without addition of enzymatic extract
(control hormone (CH)). The controls were subjected to
the same conditions as the treatments for a period of 4 h.
Assays were performed in triplicate.

The percentage of removal was evaluated after 0, 4,
8 and 24 h of reaction, based on the control hormone
concentration containing the IEC.

Electrospray ionization time-of-flight mass spectrometry
(ESI-TOF/MS) analysis

In order to determine which compounds were present in
the reaction medium, after enzymatic action, the samples
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corresponding to TO and T4 were analyzed by direct
infusion using a Microtof-QIII Mass Spectrometer Q-TOF
(Bruker Daltonics, Massachusetts, USA) with electrospray
ionization time-of-flight (ESI-TOF), under the following
conditions: electrospray negative mode (ESI(-)); scan
range (m/z): 200-700; spray voltage: 4.0 kV; capillary
temperature: 250 °C; funnel: 200 Vpp.

Samples were prepared by adding 0.1% ammonium
hydroxide to the solubilized sample in methanol. Controls
consisted of a standard 17-o-ethinylestradiol solution at a
concentration of 5 mg L' prepared in methanol (positive
control) and a solution containing all components used
in biodegradation except the hormone (negative control).

Results
Cocoa residue characterization

Table 2 shows the results of the cocoa residue
mineral characterization. It is noted that the copper
content is 31 mg kg~', which in the production medium is
approximately 5 pM. A high total fiber content (9.77%) was
observed, as well as trace elements such as Fe, Mn and Zn.
Nitrogen content is related to the amount of protein present
in plant material.

Table 2. Mean and standard deviation of trace elements and total fiber
content in cocoa residue

Mean =+ standard deviation

N/ (dag kg™) 2.570 + 0.055
P/ (dagkg™) 0.786 = 0.340
K/ (dagkg™) 1.210 £ 0.023
Ca/(dagkg™) 0.170 = 0.006
Mg / (dag kg™) 0.283 +0.042
Cu/(mgkg™) 31.000 = 1.732
Fe / (mg kg™) 261.60 +=47.08
Mn / (mg kg™") 31.000 £ 0.017
Zn/ (mg kg™) 45.800 + 6.574
Fiber / % 9.770 £ 0.015

dag: decagram.

P, sanguineus laccase production

Figure 1 shows that there was a high laccase production
during the 7 days of fungus cultivation in the presence of
cocoa residue compared to the negative control of fungus
grown in the absence of vegetable residue. From the third
day of cultivation, enzyme production was progressive,
and on the seventh day of cultivation the average laccase
activity reached 3920 U mL".
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Figure 1. Enzyme activity of laccase over the 7 days of cultivation for the
fungus grown in the presence of 1% cocoa residue and for the negative
control without the addition of cocoa.

Ethinylestradiol biodegradation

EE2 removal capacity was evaluated using cocoa
residue-induced laccase at reaction times of 4, 8 and
24 h. The reduction of the hormone concentration in the
reaction medium was evaluated in relation to the initial
concentration present at time 0. As shown in Figure 2, there
was a 65% reduction after 4 h of reaction, and after 8 h the
concentration of EE2 present in the reaction medium was
below the method limit of detection (LOD = 0.35 ug mL™").

The mass spectrum of the samples corresponding to
the initial time (T,), which marks the beginning of the
biodegradation process, showed the presence of a major
peak of m/z 141 (Figure 3). Databases suggested the
compound of molecular formula C;H,O, corresponding to
kojic acid. Such compound was shown to be present in all
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Figure 2. Concentration of EE2 in reaction media after 0, 4, 8 and 24 h
of reaction with enzyme extract.

samples containing crude laccase extract, suggesting that
it was produced by the fungus P. sanguineus.

A reference kojic acid sample was analyzed by mass
spectrometry to confirm the identity of the m/z 141
compound. The molecule was fragmented to generate
the m/z 141, 95 and 62 ions. Fragmentation pattern
of the reference kojic acid sample coincided with the
fragmentation pattern of mass compound 141 present in
the enzyme extract (Figure 4).

Discussion

Cocoa residue characterization and production of
P, sanguineus laccase

The high copper content present in the cocoa residue
confers enzymatic inducer characteristics. Such element, in
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Figure 3. Mass spectrum of reaction medium at time 0, containing EE2 (5 mg L"), crude laccase extract produced by P. sanguineus and acetate buffer

pH 5, showing the major peak of m/z 141, negative mode, TOF-ESI (-).



Vol. 31, No. 10, 2020

ACKOJICO_NEG_MS141_1#15-50 RT: 0,18-0,64 AV: 36 NL: 4,05E1
T: ITMS - p ESI Full ms2 141,00@cid 13,00 [50,00-142,00]

1005
953
903
855
803
753
703
657
60
553
503
453
403
355
309

Relative Abundance

95,

Golveia et al.

00

2027

e 62,00
253
203
153 141,00
103
53
2 51,00 5908 || 6325 6900 7300 7700 8308 8508 9350 ) |97.00 gggg 105.00 11300 11550 123,08 12567 139,83
O e e e L B e o o s o e s B P 0 e e e s B s e L S s e e s e s o e e e
50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140
m/z

Figure 4. Mass spectrum for compound fragmentation of m/z 141, with generated fragments (m/z 141, 95 and 62), negative mode, TOF-ESI (-).

the form of sulfate, has been added to ligninolytic fungi culture
media with the objective of inducing laccase production.

In the study by Silva ef al.,* different forms of laccase
production by basidiomycete fungi were tested. The best
conditions were those containing copper in the culture
medium. However, when comparing the results of different
studies, 3 it is observed that the amount of copper able
to act as inducer/activator is different when analyzing
different fungi. For P. sanguineus, which was the subject
of this study, studies show that the amount of copper used
to increase laccase production is much lower. In the work
of Ramirez-Cavazos et al.,*® the addition of copper at
different concentrations also had a positive effect on laccase
production in different strains. For P. sanguineus, the best
concentration was 5.0 mmol L.

It should be noted that the active site of fungal laccases
is composed of copper atoms. Thus, the high content of this
element in cocoa residue may contribute to high levels of
laccase production. Gianfreda et al.’’ related the copper
ion as an inducer of laccase production.

White-decaying fungi, among them P. sanguineus,
are the only organisms capable of degrading the lignin
fraction of lignocellulose, making cellulose available for
other microorganisms to function.*® Thus, several studies
show that white-decaying fungi grow best in the presence
of fiber-rich materials, i.e., lignocellulosic residues such as
rice straw,* sugarcane bagasse,***! waste from the olive oil
industry*? and cupuagu waste."’

In addition to the enhanced mycelial growth, increased
extracellular enzyme activity in the above studies was a
remarkable result. Thus, being a lignocellulosic material,

agro-industrial residues have the potential to contribute to
the growth of wood decomposing fungi, as well as to the
higher production of their enzymes.

Authors*# who used agro-residues as enzyme inducers
cultured the microorganisms in culture media enriched with
trace elements such as KH,PO,, CaCl,, MgSO,, FeSO, and
CuSO,, as well as essential amino acids. In the present
work, the culture medium contained PDB 0.5 and 1% plant
material, i.e., a minimal medium, poor in nutrients, without
the addition of trace elements. The levels of laccase activity
achieved show the cocoa residue inducing potential, since
the culture medium was not supplemented, and no synthetic
inducers were added.

Ethinylestradiol biodegradation

The result achieved in the present work reveals the
potential of laccase enzyme extract in the removal of
EE2. Studies®*+# have shown that laccase estrogen
bioremediation was effective not only on a laboratory
scale, but also in real situations where wastewater was
used, even consisting of a complex matrix containing
several molecules.

In order to increase the spectrum of action of laccase,
redox mediators may be added to the reaction medium.
Mediators consist of low molecular weight substrates
that act as an “electron carrier” between the enzyme and
the target pollutant. After being oxidized by the enzyme,
the mediator leaves the active site and can oxidize any
substrate, which, due to its size, cannot directly enter the
enzyme active site. The oxidized form of the mediator is
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structurally different from the oxidized enzyme, allowing
different mechanisms of oxidation, thus increasing the
range of substrates susceptible to the action of the enzyme.*

The advantage of using crude extract instead of purified
enzyme is that no mediators need to be added to the reaction
medium as the fungus produces natural mediators.*® As
no synthetic mediators were added in this study, natural
mediators produced by P. sanguineus present in the crude
extract may have been responsible for the high percentage
of hormone removal in the early hours of the biodegradation
process.

With the result of mass spectrometric analysis, it
was possible to confirm the presence of an m/z 141
compound in the reaction medium, which was the major
compound. Fragmentation of this compound generated
molecules compatible with kojic acid fragments (5-hydroxy-
2-hydroxymethyl-4-pyrone). It is a compound produced by
fungi and bacteria.*”*¥ The main biosynthetic pathway of
kojic acid is the conversion of starch to glucose and glucose
to kojic acid.®

An important feature of kojic acid is its ability to
act as a redox mediator. Thus, its proven presence in the
reaction medium corroborates the fact that there are natural
mediators produced by the fungus, which enhances the
action of laccase on substrates, including EE2.

Conclusions

Laccase activity reached 3920 U mL™" on the 7"
day of cultivation, being superior to the positive control
(511 U mL™"). The percentage of EE2 removal was 63%
after 4 h, and after 8 h of reaction the EE2 concentration
was below the limit of detection (LOD = 0.35 ug mL™).
These results show that the cocoa agro-industrial residue
was an efficient inducer of P. sanguineus laccase production
when compared to the negative control without addition of
this plant material to the culture medium. In cocoa residue-
induced crude laccase extract, kojic acid was identified.
Such compound may have acted as a mediator in the reaction
of laccase with EE2, enhancing the enzymatic action in
bioremediation of this compound. The EE2 bioremediation
process with crude laccase extract containing kojic acid was
effective, reaching minimum levels after 8 h of reaction.
Thus, a cheap and simple alternative to remove this
important pollutant was presented, with the possibility of
being applied in a microcosm or on a pilot scale.
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