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Abstract

Lignin is a source for obtaining natural phenols with high commercial value that can act as redox mediators enhancing
effects in dye decolorization. In this study Trametes hirsuta Bm-2 was grown on wheat bran to produce laccases and phenol
extracts (PE). Ultrafiltered phenols obtained at different times were evaluated in their potential as redox mediators of laccase
activity and indigo carmin decolorization. Laccase activity (L) on ABTS increased up to 12.4 times with L/PE72 compared
with laccase alone and L/PE48 showed the highest level of dye decolorization (97%) compared with laccase (12%). The
chromatographic analysis by HPLC showed variation in the profile and concentration of phenols at different times of culture.
Stability of the laccase mediator system (LMs) in dye decolorization was maintained over 3 months. Our results suggest the
use of natural mediators as a strategy for improving efficiency in dye biodegradation by laccase-producing fungi.
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Introduction

Dyes present in effluents are environmentally hazardous
xenobiotic compounds. During processing, 10—15% of the
total world textile dye production (800,000 tons/year) is
released in industrial effluent (Zollinger 2004). Many dyes
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are known to have mutagenic and carcinogenic effects and
their removal is a priority for most environmental agencies
(Viswanath et al. 2014). Indigo carmine plays a key role in
various sectors such as the food, textile and cosmetic indus-
tries and in medicine because of its color, but it is highly
toxic and contact with skin or eyes may cause irritation
(Legerska et al. 2016). Today, it is important to search for
an environmentally friendly alternative for textile effluent
treatment, and therefore, microbial and enzymatic treatments
are attracting interest as substitutes for chemicals.

White rot fungi (WRF) are the most efficient organisms
at degrading lignin. Enzymes from WREF, especially lac-
cases, are able to degrade azo- and heterocyclic, reactive
and polymeric dyes (Zeng et al. 2011). Laccase (benzenediol
oxygen oxidoreductase, EC 1.10.3.2) belongs to a family of
multicopper oxidases which can oxidize several phenolic
compounds by one electron transfer with the concomitant
reduction of oxygen to water. Laccase application provides
some advantages related to processing conditions, such as
low temperature, low pressure and the possibility of using
the oxidant O, directly (Baldrian 2006). A diversity of indus-
trial applications have been proposed for laccase including
organic synthesis, the food industry, dye decolorization and
nanobiotechnological applications (Kunamnenni et al. 2008;
Upadhyay et al. 2016). However, many substrates cannot be
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oxidized directly by the enzyme due to laccases having low
redox potential (0.4—0.84). This limitation can be addressed
through the addition of low molecular weight compounds
that are continuously oxidized by laccase to stable mediators
with high redox potential.

Redox mediators acted as redox shuttles between the
enzyme active site and the substrate to allow the oxidiza-
tion of high redox-potential substrates that would not be
substrates of laccases (Zeng et al. 2017). The ideal media-
tor should be non-toxic, economic and efficient with a
stable oxidized and reduced form that does not inhibit the
enzymatic reaction. Moreover, mediators should be able to
continuously maintain cyclic redox conversion (Morozova
et al. 2007). Synthetic mediators such as 2-2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), -NOH-type
(violuric acid, hydroxybenzotriazole) and TEMPO have
improved dye decolorization, degradation of polycyclic
aromatic hydrocarbons, pesticides and lignin (Strong and
Claus 2011; Tran et al. 2013). Industrial scale application of
synthetic mediators is not convenient due to the high cost of
these chemicals and the generation of toxic species that can
cause biocatalytic inactivation of laccase (Bibi et al. 2011;
Wells et al. 2006).

There are phenols related with lignin structure that are
capable of acting in a similar way to synthetic mediators.
Lignin from lignocellulosic substrates represents a potential
source of phenols and aromatic compounds. These natural
mediators can be released from the degradation of lignin
present in lignocellulosic substrates through laccase activ-
ity produced by white rot fungi (Andreu and Vidal 2011).
The biological breakdown of the lignin polymer avoids the
formation of undesirable by-products, and the biocatalytic
process takes place under mild conditions and reduces envi-
ronmental impact. To date, there are few studies on obtain-
ing natural mediators produced by fungi, despite the huge
availability of lignocellulosic substrates that can be used as
a source for these compounds. The obtention of phenolic
extracts by fungal sources has been reported in Trametes ver-
sicolor and Pleurotus ostreatus cultured on bran and straw
(Collins et al. 1996; Li et al. 2014). In these works crude lac-
case and the aqueous ultrafiltrate improved the benzopyrene
and anthracene biotransformation. However, fungal natural
mediators were not identified.

Trametes hirsuta Bm-2 is a white rot fungi isolated from
decaying wood in Yucatan, Mexico, which was selected due
to its high laccase activity and effectiveness in removing
colorants in vinasse (Tapia-Tussell et al. 2015). Laccases
produced by this strain on wheat bran showed a loss of
decolorization activity during the purification process, but
this was recovered with the addition of phenol monomers,
suggesting the presence of mediators in the crude extract
(Zapata-Castillo et al. 2015). The objective of the present
study was to obtain phenolic extracts (PE) from the culture
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of T. hirsuta Bm-2 on wheat bran and to determine their
potential as redox mediators in a dye decolorization reac-
tion catalyzed by laccase. Also, identification of phenols
by HPLC and the stability of extracts in dye decolorization
process were reported.

Materials and methods
Microorganism and propagation

A fungal strain, T. hirsuta Bm-2 collected from decayed
wood in Yucatan, Mexico, was used in this work (Tapia-
Tussell et al. 2011). The growth medium for propagation
consisted of (g/L): malt extract 20, bacteriological agar 20
(pH 6.0). Plates were incubated for 4 days at 35 °C.

Laccase and phenol production

The liquid medium to obtain inoculum was (g/L): glucose,
10; malt extract, 10; peptone, 2; yeast extract, 2; KH,PO,;
MgS0,-7H,0, 2; thiamine-HCI, 1 mg/mL. 250 mL Erlen-
meyer flasks containing 30 mL of medium were inoculated
with two 1 cm? agar pieces from an actively growing fungus
on a malt extract plate (Bm-2). The flasks were incubated at
35 °C and shaken at 150 rpm. After 4 days, the culture was
homogenized using a sterilized blender. The liquid media for
laccase and phenol production was wheat bran 3% (w/v) in
60 mM phosphate buffer (pH 6.0). Four milliliters of myce-
lia suspension was inoculated to 200 mL of medium and
the culture was grown at 35 °C for 10 days. Aliquots of
the growth medium were withdrawn each 24 h, filtered and
centrifuged for 15 min (5000 rpm, 4 °C). To obtain phenolic
extracts from the crude culture fluid the method described
by Collins et al. (1996) was used. The crude supernatant was
filtrated by ultrafiltration tubes (10 kDa, Millipore, USA) to
separate phenolic extracts (PE) and laccases.

Assay for laccase activity

Laccase activity in cell-free filtrates was measured at 40 °C
using 2,2'-azino-bis (3-ethylbenzthiazoline-6-sulphonic
acid) (ABTS). The assay mixture contained 1 M sodium
acetate buffer (pH 4.5) and 0.5 mM ABTS in a total vol-
ume of 1 mL. The oxidation of ABTS was measured by the
increase in absorbance at 420 nm as described by Johannes
and Majcherczyk (2000). One enzyme unit (U) is defined as
the amount of enzyme required to oxidize 1 umol of ABTS
per min under the assay conditions. The amount of the
enzyme production was expressed as U/mL.
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Effect of phenol extracts on laccase activity

The effect of PE on laccase activity was studied by using
laccase obtained at 264 h (L) and with the addition of PE
(0, 24, 48, 72 h). The reaction system contained: 720 uL
distilled water, 100 uL of 1M acetate buffer (pH 4.5), 30 uL
of laccase extract, 50 uL of PE, and 100 uL ABTS. Laccase
activity was also determined with inactivated enzyme addi-
tion (boiled 30 min) that was used as a negative control.

Determination of total phenol content

The concentration of total phenols in cell-free filtrates was
determined by reduction of Folin—Ciocalteau reagent (Sin-
gleton and Rosi 1965). The estimation of total phenols in the
extracts was carried out in triplicate. Gallic acid was used
as a standard and the results obtained were expressed as mg
of gallic acid/mL.

Decolorization of indigo carmine dye

Decolorization of indigo carmine was investigated using lac-
case with and without PE. The reaction mixture contained
4 mL indigo carmine solution (20 mg/L) in an acetate buffer
(1 M, pH 4.5) and 0.5 mL laccase produced at 264 h. To
evaluate the effect of PE on laccase-catalyzed indigo car-
mine oxidation, 0.5 mL of each extract was added. The treat-
ment with inactivated enzyme addition (boiled 30 min) was
used as negative control. The reaction was initiated with
enzyme addition and incubated at 45 °C. Decolorization was
determined as a percentage of the absorbance reduction at
600 nm. Rate of color removal was calculated using the fol-
lowing formula:

D = [(Al — A2)/Al] X 100%,

where D is the degree of decolorization (in percent), Al is
the absorbency of the control without enzyme and A2 rep-
resents the absorbency of samples.

Determination of phenols by high performance
liquid chromatography

Phenol extracts (0-264 h) were filtered using a 0.45 uM Tek-
nokroma filter. A sample (20 uL) was injected to nucleosil
C,g column (250 x 4.6 mm, particle size 2.2 uM, 280 nm),
with a mobile phase with 1% formic acid in 98% water (A
phase) and 2% acetonitrile (B phase) at a constant flow rate
(0.5 mL/min, 25 °C) were used to separate phenols (Yahia
etal. 2011). Phenol standards were gallic acid, ferulic acid,
p-coumaric acid, guaiacol, syringaldehyde, vanillic acid
and 4-hydroxybenzoic acid (Sigma-Aldrich). Identification
of phenols was made considering retention times of phenol
standards separated using a constant gradient 2—100% of

B phase (0-70 min). The concentration of phenol standard
solutions was determined at 280 nm. Phenolic compounds in
the samples were identified according to their elution order
and by comparing their retention times with standards. Phe-
nol compound concentration (mg/L) was interpolated from
the corresponding peak areas.

Statistical analysis

The data are the average of the results of three replicates
and are presented as the mean+S.D. One-way ANOVA was
used to determine the difference between treatments at a
significant level of 0.01 or 0.05.

Results and discussion
Obtention of laccases and phenol extracts

The efficiency of the laccase mediator system in differ-
ent processes has led to the search for efficient alternative,
low-cost natural mediators from renewable lignocellulose
sources (Johannes and Majcherczyk 2000; Arias et al. 2003).
Phenol mediators can be obtained from plant residue, efflu-
ent streams and fungal culture broth, from which they can
be easily extracted (Gutiérrez et al. 2007). With a view to
obtaining an efficient, natural laccase mediator in decolori-
zation of dyes, a culture of 7. hirsuta Bm-2 fungus was pro-
duced on wheat bran. Laccase activity began after 48 h, and
showed a progressive increase until reaching a maximum
activity of 4081.2 U/mL at 264 h (Fig. 1a). The production
of laccase by WRF has been carried out widely in lignocel-
lulosic substrates such as banana peel, wheat bran, coffee
grounds and sugar cane bagasse among others, where high
levels of activity have been reported (Gonzalez et al. 2013).
However, it is difficult to make a comparison of activity
levels since different methods are used to measure and define
the units of enzymatic activity.

Total phenols showed irregular behavior, with increase
and decrease in concentration (2.18-3.46 mg/L) during the
culture (Fig. 1b). This situation may be attributed to the fact
that fungal culture is a dynamic event, in which the fungi
simultaneously liberate phenols from the lignin and use
them as inductors and/or carbon sources. Also, the speed
with which these events occur can vary depending on the
condition of the culture and the physiological stage of the
organism. The induction of laccases by phenolic substances
may provide an answer to the oxidative stress caused by the
phenols, which affect the growth of the fungi. Herpoél et al.
(2000) reported that phenolic monomers from lignin, such
as synapilic acid, guaiacol and vanillic acid, stimulated the
synthesis of laccases in the Pycnoporius cinnabarius fun-
gus. It has also been demonstrated that laccase induction
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Fig. 1 Time course of laccase (a) and phenols (b) produced by 7. hirsuta Bm-2 on wheat bran (3%)

Table 1 Effect of PE on the

T Treatment Laccase (U/mL)
oxidation of ABTS by laccase
L 4080
L/PEO 3573.8
L/PE 24 3264.2
L/PE 48 5385.9
L/PE 72 50,903.3

L Laccase obtained at 264 h, PE
phenol extract (0, 24, 48, 72 h)

by phenols in WRF occurs at a transcriptional level (Pis-
citelli et al. 2011). The phenols present in the culture can
also act as redox mediators of laccases, contributing to an
improved degradation of the lignin. The laccase-rich extract
produced by T. hirsuta after 264 h, and the ultrafiltered phe-
nolic extracts after 24, 48 and 72 h were selected to continue
with the study.

Effect of PE addition on laccase activity

The effect of adding phenolic extracts on laccase activity
was evaluated using ABTS as a substrate. Adding PEO and
PE24 reduced laccase activity by 12.4 and 20%, respectively
(Table 1). On the other hand, the addition of PE after 48 and
72 h increased laccase activity by 1.3 and 12.4 times, respec-
tively, which suggests that the phenols present in the extracts
act as redox mediators. Laccase inactivation in a laccase-
mediator system depends in great measure on the mediator.
The laccase inactivation mechanism by different mediators is
still not well understood, although it is known that laccases
respond to stimuli based on their allosteric properties, and
are subject to inhibition phenomena. Extracellular laccases
from Trametes versicolor and Cerrena unicolor were inhib-
ited by the addition of synthetic mediators such as ABTS and
1-hydroxybenzotriazole (1-HBT), but there was a significant
activation of enzymes with the addition of highly diluted
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mediators. In these conditions the demethylation properties
of veratric acid by the laccases increased (Malarczyk et al.
2009). The increase in laccase activity observed with PE48
and PE72 could be attributed to the redox action of the phe-
nols presents in extract, which act as co-oxidizing agents on
the laccase to oxidize a larger number of molecules of the
ABTS substrate. Also, differences in laccase activity could
be related to the isoenzymes produced by T. hirsuta Bm2
on wheat bran (Zapata-Castillo et al. 2015). Several laccase
isoenzymes have been detected in fungal species and their
affinity toward substrates or mediators can vary, which may
increase or decrease ABTS oxidation.

Effect of PE addition on dye decolorization

The study was carried out to determine the efficiency of the
laccase/PE system in the decolorization of indigo carmine
(Fig. 2). Laccase alone was practically unable to decolor-
ize the dye (12%), a fact which could be connected to the
aromatic nature of the dye or to its high redox potential.
Figure 2a shows the decolorization efficiency of the laccase/
PE. Compared to the L, both L/PE24 and L/P48 show a
great increase in decolorization (five- and sixfold, respec-
tively). This behavior could be related to phenols in extracts,
4-hydroxybenzaldehyde, guaiacol, vanillin and gallic acid
that have been reported as substrates for laccase activity and
also could be useful as redox mediators (Pardo and Cama-
rero 2015). It was also observed that the efficiency of L/
PE72 is significantly lower than that of L/PE48, although
the content of phenols is not significantly different between
PE48 and PE72. This result could be related to the high
content of total phenol detected in PE72 (Fig. 1b). Phenols
not identified could play a role in inhibiting the capacity for
decolorization. On the other hand, treatments with L/PE24,
L/PE48 and L/PE72 increased the decolorization of the dye
five-, six- and twofold in comparison with the enzyme alone
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Fig.2 Effect of phenol extracts ar
ultrafiltrates on decolorization
of indigo carmine by laccase at 100 -
40 °C, 50 h. The reaction sys-
tem included laccase and indigo
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which indicates that these extracts contain effective media-
tors for the decolorization of indigo carmine.

The results of this study showed a variation between the
effect of the PEs on the efficiency of ABTS oxidation (lac-
case activity) and the decolorization of the dye. The L/PE24
system inhibited the oxidation of the ABTS and improved
decolorization of the dye, L/PE48 increased oxidation of
the ABTS (1.3-fold) and attained the greatest decolorization
(sixfold). L/PE72 stimulated oxidation of ABTS (12-fold)
with increase (twofold) in decolorization. Laccases from
Trametes villosa, Miceliophthora thermophile and P. cin-
nabarius were inactivated in the presence of the synthetic
mediators 1-hydroxybenzotriazole (1-HBT) and violuric
acid, but with the addition of red phenol, the inactivation
decreased and the dye was rapidly oxidized (Li et al. 1999).
The difference in behavior of the extracts in enzyme activity
on ABTS and dye decolorization may depend on different
factors such as the mix of phenols, the type of substrate,
reversibility of the substrate reaction, the stability of the
phenoxy radical and the redox potential of the mediator
(Fernandez-Sanchez et al. 2002; Rosado et al. 2012).

The effectiveness of reactive grade natural mediators in
the decolorization of dyes has been widely reported. Puri-
fied laccases of T. hirsuta and Sclerotium rolfsii increased
the decolorization of indigo carmine when mediators such
as acetosyringone and 1-hydroxybenzotriazole were added
(Campos et al. 2001). Phenols such as phloroglucinol and
thymol allowed complete decolorization of indigo carmine
with laccases from Fomes lignosus (Hu et al. 2009). The nat-
ural mediators, syringaldehyde, acetosyringone, p-coumaric
acid, vanilline, and acetovainilline proved effective in decol-
orizing different dyes when they were used with laccases
from P. cinnabarinus and T. villosa (Camarero et al. 2005).

In order to identify the phenols in the extracts, an HPLC
chromatography was performed. The chromatograms of the
phenolic extracts at 0 and 48 h of T. hirsuta Bm-2 culture on
wheat bran showed peaks corresponding to lignin phenols:
gallic acid (GA), 4-hydroxybenzoic acid (4HB), vanillic acid
(VA), p-coumaric acid (CA), syringaldehyde (SYR), ferulic

acid (FA) and guaiacol (G) with retention times of (RT)
10.8, 18.2,19.9, 23.5, 24.4, 24.6, and 28.5 min, respectively,
which served as references to identify and quantify phenols
in extracts (Fig. 3a). The PE showed differences in phenolic
profile; at time zero, GA, VA, SYR, and FA were present
(Fig. 3b), whereas at 48 h, GA, 4HB, VA, FA, and G were
detected (Fig. 3c), as well as other peaks of higher magni-
tude which were not identified. Table 2 clearly shows the
variations in profile and concentration of phenols during the
culture. The phenolic content in PE24 is lower than that in
PE48. However, Fig. 1b shows that the total phenol in PE24
is higher than that in PE48. Differences could be explained
because PE24 contains more phenols quantified but not
identified by the Folin method; however, it is possible that
the proportion of individual phenols (HPLC) is lower than
that of PE48. Ultrafiltered phenolic extracts demonstrated
their redox action during the degradation of aromatic poly-
cyclic hydrocarbons by laccases (Collins et al. 1996; Li et al.
2014); however, the composition of phenols in the extracts
was not identified. Gutierrez et al. (2004) reported the chem-
ical composition of non-woody plant lignin which showed
high syringil/guaiacil ratio, also sinapyl and coniferyl acetate
were identified. Del Rio et al. (2001) identified the presence
of guaiacol, eugenol, syringol and acetosyringone during the
degradation of eucalyptus wood by WREF, but these extracts
were not evaluated as laccase redox mediators. The phenolic
extracts obtained in our study contain a mixture of phenols
which demonstrate their efficiency as redox mediators in the
decolorization of indigo carmine.

Stability of the laccase mediator system

In order to determine stability of phenol extract in dye
decolorization, PE48 was selected to study the stability of
the laccase mediator system because this extract increased
the laccase activity on ABTS and also showed the best
level of dye decolorization. The LMs showed a high rate
of color removal (80-97%) over three months, compared to
laccase (30-40%) (Fig. 4). These results show the stability
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Fig. 3 Identification of phenols a 4
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of laccase and the phenolic extract during frozen storage Conclusion

(=20 °C). The effect of the mediators could be linked to
the concentration of the phenolic compound, or the com-
bination of two or more compounds that might have a syn-
ergic effect on the oxidizing activity of the laccase on the
indigo carmine (Jeon et al. 2008).
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In this study it was shown that wheat bran is a lignocel-
lulosic source for the production by 7. hirsuta Bm-2 of an
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Table 2 Phenolic compounds

. PE (h) Concentration (mg/mL)

content in ultrafiltrate extracts

produced by T. hirsuta Bm-2 GA 4HB VA SYR FA G
0 0.85+0.082 0 1.37+0.007  0.75+0.01 0.86+0.07 nd
24 0.92+0.004 1.09+0.011 1.93+0.029 nd nd nd
48 1.24+0.004  1.29+0.091 1.93+0.029 nd 0.79+0.012 0.37+0.011
72 1.34+0.013  1.19+0.096 1.63+0.04 nd 0.81+0.056 0.39+0.003
264 0.88+0.051 1.02+0.009 3.10+£0.105 0.84+0.018 nd 0.42+0.010

GA gallic acid, 4HB 4-hydroxybenzoic acid, VA vanillic acid, SYR syringaldehyde, FA ferulic acid, G guai-
acol, nd not detected. Values are expressed as mean + standard deviation
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Fig.4 Decolorization of indigo carmine in repeted degradation experiments at 40 °C, pH 4.5: a 1 month, b 2 months, ¢ 3 months. Laccase with-
out PE (L), laccase containing ultrafiltrate PE obtained at 48 h (L/PE48), control without enzyme (C)

extract rich in laccases and natural mediators. The LMs
decolorized indigo carmine up to 97%. The efficiency var-
ied depending on the phenolic extract and as well as the
substrate. The phenols generated during the biodegrada-
tion of lignin from lignocellulosic residue are raw extracts
that provide a low-cost, eco-friendly system of low toxicity
for the treatment of effluent from the textile industry, and
its application could be extended to the degradation of
other xenobiotic compounds. Furthermore, the obtention
of phenols through microbial activity represents a bio-
technological opportunity for assessing the value of agro-
industrial by-products with lignin, since the deconstruc-
tion of the polymer into phenols represents a first-stage
source for obtaining various valuable products.
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