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Abstract

This study describes decolorization of reactive sulfonated azoic dye Direct Blue 71, one
of the recalcitrant and highly used industrial dyes, by Polyporus ciliatus derived laccase.
Agro-industrial wastes are increasingly used as substrates for laccase production from
white rot fungi through solid-state fermentation (SSF). Peanut shell (PS) is an attractive
substrate for laccase production, and SSF is an adequate strategy for that purpose. It has
been employed as a novel support-substrate for laccase production by Polyporus ciliatus
under solid-state fermentation. The highest laccase yield of 1260 U/ml was attained using
PS after 13 days of incubation at 30°C. The purified laccase (55 kDa) showed maximum
activity at pH 3 and 60°C. The extracellular laccase enzyme was purified 67.6-fold to a
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specific activity of 1466 U/mg by a Mono-Q anion-exchange column. The purified
enzyme Km value was found to be 24 pM, while the Vmax value was observed to be
0.96 uM s with ABTS as a substrate. It had high thermotolerance and pH stability and
was resistant to several metal ions including copper, cadmium, and iron. P. ciliatus pure
laccase showed high potential for the decolorization and detoxification of the reactive
sulfonated azoic dye Direct Blue 71, which suggested that this enzyme could be used for
textile effluent treatment.

1. Introduction

Synthetic dyes are frequently used in the textile, food, pharmaceutical, paper and
photographic, leather, cosmetic, and other industries. Massive amounts of dyes are
discharged in the wastewater during dye manufacturing. These textile dyes persist as
environmental pollutants since they are highly toxic, carcinogenic agents, and resistant to
biodegradation [1, 2].

Physico-chemical processes such as coagulation, flocculation, filtration,
sedimentation, oxidation, and flotation have been extensively applied for textile
wastewater treatment. Although effective, these techniques are often insufficient to
maintain performance over time. They also have certain drawbacks such as high cost and
extra waste generation. Recalcitrant dye degradation by ligninolytic fungi has recently
been shown to have great and promising potential to replace or complement current
textile effluent treatment processes [3, 4]. Among ligninolytic enzymes, laccases (EC
1.10.3.2) are multicopper phenol oxidases, which catalyze the oxidation of a wide range
of reducing aromatic phenolic substrates using dioxygen as a renewable electron
acceptor. The substrate range of fungal laccases may be extended to nonphenolic and
highly recalcitrant compounds by the inclusion of low-molecular-weight mediators like
2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS). Free and immobilized
laccase reactors have been developed and applied for dye pollutant removal and
wastewater treatment [5-9].

Laccases produced by white rot fungi (WRF) are widely studied at laboratory, pilot,
and industrial scales. Conventional submerged fermentation has been the typical and the
most commonly industrial process used for the production of microbial enzymes such as
laccases. However, solid-state fermentation (SSF) represents an interesting alternative to
the production of fungal enzymes at lower costs, since it simulates the natural growth
conditions of WRFs. SSF well adapted for fungal growth has many advantages like being
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a simpler fermentation process, having lower energy consumption, less pollution and
water consumption as well as higher added-value product recovery [10]. Substrates used
for laccase production by WRF under SSF conditions are typically agricultural and agro-
industrial wastes such as fruit peels, cereal bran, straw, or oil cake [11, 12]. These agro-
residues serve as an economic substrate, reducing the environmental pollution caused by
their accumulation.

Polyporus species are white-rot basidiomycetes exhibiting high ligninolytic
capabilities. [13—15]. Laccases from the Polyporaceae family generally have high redox
potentials [16], making them interesting candidates for industrial applications, including
textile wastewater treatment [17].

The aims of this study were to assess the potential of selected agro-residues for
laccase production by the WRF Polyporus ciliatus since the use of such substrates would
mean a significant decrease in production costs. In the other hand, this aims to purify and
characterize the enzyme produced under SSF conditions and to study the enzyme
decolorization of Direct Blue 71 as a model polyazo. To the best of our knowledge, this is
the first report on the characterization of P. ciliatus laccase produced by SSF.

2. Materials and Methods
2.1. Chemicals

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and 2,6-dimethoxyphenol
(DMP) were from Sigma-Aldrich. Q-Sepharose was from Pharmacia LKB
Biotechnology, and Biogel P100 was from Bio-Rad. All other chemicals used were of
analytical grade.

2.2. Fungal strain

Polyporus ciliatus was provided by the Belgian Coordinated Collections of
Microorganisms/Mycotheque of the Catholic University of Leuven (BCCM/MUCL). The
fungus was maintained on malt extract agar (MEA, 2%) plates grown at 30 °C and stored
at 4 °C.

2.3. Fermentation and enzyme extraction

Agro-industrial wastes used as economical support-substrates to produce laccase by
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P. ciliatus were: pea pomace (PP), pomegranate husk (PH), peanut shells (PS), cactus-
pear peel (CPP), and acacia leaves (AL). The physiochemical composition of these by-
products is shown in Table 1. Laccase production was performed in Erlenmeyer flasks
(500 ml) containing 5 g of selected agro-residue, 30 ml of sodium acetate buffer 20 mM
pH 5.0, 11.25 mg CuSO,, and 0.75 mg CaCl,. The medium was autoclaved then
inoculated with six disks (6 mm in diameter) taken from the active borders of MEA
medium, followed by incubation at 30 °C under dark.

After cultivation, the enzyme extraction was conducted with tartrate buffer (pH 5, 10
ml buffer/g substrate) by stirring for 1 h at 150 rpm and the suspension was filtered on
Whatman paper [12].

Table 1. Chemical composition of the different lignocellulosic agro-residues employed.

Agro-residue Lignin (%) | Cellulose (%) Hemicellulose (%) Reference
Pea pomace 22.12 62.3 8.2 [18]
Pomegranate husk 4.5 114 34 [19]
Peanut shells 26.4 40.5 14.7 [20]
Cactus-pear peel 3.06 13.18 7.64 [21]
Acacia leaves 14.13 14.12 5.76 [22]

2.4. Enzyme and protein assays

Laccase activity was assayed, as described by Neifar et al. [3] using 5 mM DMP in
sodium tartrate buffer (100 mM; pH 5) (e469 = 27, 500 M em™, referred to DMP
concentration). One unit of enzyme activity was defined as the amount of enzyme
oxidizing 1 umol of DMP per minute. During the enzyme purification process, protein
concentration and absorbance at 280 nm were measured to monitor and quantify protein
concentration, using Bovine Serum Albumin (BSA) as a standard.

2.5. Laccase purification

Laccase purification was carried out at 4 °C in three steps as described by Neifar et
al. [23]. The culture cell-free was first saturated with ammonium sulfate (approximately
at 80%), followed by centrifugation (30 min at 10,000 x g) to separate the precipitated
proteins from the solution. The resulting pellet was resuspended in citrate-phosphate

buffer (20 mM; pH 6). The enzyme solution was then applied to a size-exclusion
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chromatography column (Biogel P100, 2.5 x 90 cm). The column was equilibrated with
the same buffer (20 mM citrate-phosphate buffer, pH 6.0), and the flow rate was
maintained at 20 ml h™'. Fractions containing laccase activity were pooled and applied to
a Mono-Q anion-exchange column (Q-Sepharose Cl 6B, 1.6 x 11 cm). The column was
equilibrated with 20 mM citrate-phosphate buffer (pH 6.0), and the elution was
performed using a non-linear NaCl gradient ranging from O to 500 mM. The laccase peak
fractions are pooled and stored at 4 °C or at -20 °C in glycerol to preserve their activity.

2.6. Gel electrophoresis and zymograms

Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-
PAGE) was carried out according to the method of Laemmli [24]. Proteins separated on
the gel are visualized by staining with Coomassie Brilliant Blue G-250. Zymogram was
obtained using 10 mM 2,6-dimethoxyphenol (DMP) in 0.1 M sodium tartrate buffer at
pH 4. The gel was washed for 10 minutes with the same buffer and then incubated with
DMP [25].

2.7. Enzyme characterization

The temperature profile of the purified laccase was determined by incubating the
enzyme with DMP at different temperatures ranging from 25 to 70 °C. The thermal
stability of the enzyme was determined by assaying for residual enzyme activity after
incubation for 4 hours at different temperatures (25, 50, 60, and 70°C). The optimal pH
of the purified enzyme was examined at pH 2-9 under standard assay conditions using 50
mM of citrate buffer (pH 2 to 6) and Tris—HCI buffer (pH 7 to 9). For pH stability, the
purified laccase was pre-incubated at room temperature in buffer systems in the range of
pH 2-9 for 1 and 24 hours. The remaining enzyme activity was then assayed under
optimal conditions.

The effect of metal ions on the purified laccase was determined by using different
metal salts, including Co(NOj3),, CdCl,, MnSO,, HgCl,, FeSO,, MgS0O,, ZnSO,, and
CuSO,, at a final concentration of 10 mM separately. The effect of other potential
inhibitors (ethylenediaminetetraacetic acid [EDTA], sodium azide [NaNj], sodium
dodecyl sulfate [SDS], and L-cysteine) on laccase activity was also determined.

The Lineweaver-Burk plot method was used to determine kinetic constants such as
the Michaelis-Menten constant (K,,) and the maximum velocity (V) of an enzyme-
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catalyzed reaction by using DMP as a substrate at their optimal temperature and pH

values.
2.8. Enzymatic dye decolorization and toxicity assays

The dye decolorization ability of the purified enzyme was assessed using the
recalcitrant dye DB71 (Table 2). The reaction mixture involved the dye DB71 at a
concentration of 150 mg L™, purified laccase enzyme at a concentration of 0.1 U mL™,
and a 0.1 M tartrate buffer at pH 4.0.

The DB71 decolorization (as absorbance at 518 nm) was measured using a Shimadzu
UV-VIS Scanning spectrophotometer (UV-mini-1240; Shimadzu, Kyoto, Japan) and
expressed in terms of percentage. The control test contains the same amount of denatured
laccase. In order to determine the effect of ABTS as a laccase mediator, experiments
were also conducted with the addition of 1 mM ABTS. Phytotoxicity assays were
performed as described by Daissi et al. [26] using laccase-treated and untreated dye.

Table 2. Characteristics of the dye employed in this study.

Property Direct Blue 71
Amax (NM) 594

CA 4399-55-7

C.L 34140

Chemical formula C4oH»3N7Na 0138,
Molecular weight (g mol'l) 1029.9

Molecular structure
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2.9. Statistical analysis

All experiments and analytical measurements were conducted in triplicate. Duncan's
multiple range tests were employed for the statistical analysis of the data. Differences
between treatments were considered significant at the 5% level (p< 0.05).

3. Results and Discussion
3.1. Laccase production

Fungal laccases are enzymes that have gained attention for their potential
applications in treating dye wastewaters (WW). Therefore, for practical and economical
implementation of fungal laccases in WW treatment, enzyme production by SSF must be
efficient and cost-effective. An interesting strategy for this challenge is the use of easily
available low-cost substrates, such as agricultural wastes, for fungal growth and enzyme
production [12]. In this study, P. ciliatus could able to grow extensively on all substrates
tested. Figure 1 illustrates the profile of laccase productivity during degradation of
various by-products by P. ciliatus. There was a rapid increase in laccase productivity,
reaching its maximum on day 13 of fermentation. This suggests that the fungal strain P.
ciliatus was capable of producing laccase efficiently during SSF. Then laccase
productivity increased during the last days of SSF. Peanut shells were determined as the
most suitable substrate for enzyme production by P. ciliatus with a laccase activity of
1420 U/L, as shown in Figure 1. Polyphenols, which are often present in peanut shells,
can serve as inducers for laccase synthesis. These compounds may act as signaling
molecules or substrates that enhance the expression of laccase genes in P. ciliates [27].
Pea pomace, pomegranate husk, and acacia leaves can be also considered as promising
and potential inducers of laccase activities (910, 770, and 759 U/L, respectively), while
the production in cactus-pear peel solid medium was low (325 U/L). These findings show
the potential of using some abundant agricultural residues in Tunisia for laccase
production without any addition of enzyme inducers. In fact, these substrates had not
been previously used as support-substrates for enzyme production, which opens up new
avenues for research and innovation in the field of laccase production from agricultural
residues.
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Figure 1. Laccase production by P. ciliatus grown on different natural supports under
SSF conditions.

3.2. Laccase purification and biochemical characterization

A laccase was successfully purified from P. ciliatus culture filtrate in two
chromatographic steps (Figure 2A and Figure 2B). The summary of purification results is
given in Table 3. A total of 68-fold purification of crude enzyme extract was achieved,
and the purification overall yield was about 30% (Table 3). This result is better than that
obtained by Kumar et al. [28], who reported a 4.24-fold purification of Aspergillus flavus
laccase after filtration, ammonium sulfate precipitation (ASP), and dialysis steps. Laccase
from the basidiomycete fungus Stereum Ostrea was successfully purified by ASP

followed by Sephadex G-100 column chromatography, leading to a purification fold of
70 [29].
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Figure 2. Purification of P. ciliatus laccase. Subsequent chromatography steps on Biogel
P100 (A) and Mono-Q (B) columns.

The molecular mass of the purified laccase from P. ciliatus is 55 kDa as determined
by SDS-PAGE (Fig. 3). It was similar to most WRF laccases (50-80 kDa) [30]. The UV-
visible spectrum analysis indicates that P. ciliatus laccase exhibits a typical electronic
structure of blue laccases, with characteristic absorption peaks corresponding to type 1
and type 3 copper sites with intensive peaks at 600 and 330 nm, respectively [31]. The
K., and V..« values of P. ciliatus laccase were 24 uM and 0.96 uM s respectively,

using ABTS as a substrate. The K,, value of the purified laccase is very close to that of
Earthline J. Chem. Sci. Vol. 11 No. 2 (2024), 249-265
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laccase from Trametes sp. strain AH28-2 (25 uM) [32]. Most of the reported fungal
laccases, specifically in terms of their activity toward ABTS, exhibit a range of Km
values of approximately 30-80 uM. This result indicates a higher substrate affinity, and
the purified laccase is effective at lower substrate concentrations, which can be important
for industrial processes [33].

KDDa MM 1 2
94

67 -

43 -

30 ———

20 S

Figure 3. Electrophoretic analysis of the purified P. ciliates laccase. (MM: Molecular
mass markers. Lane 1: purified laccase, Lane 2: Laccase activity band detected by
zymogram with DMP as a substrate).

Table 3. Purification of Polyporus ciliatus laccase from the peanut shells solid culture.

Purification Total Total Specific Yield Purification

step activity protein activity (%) factor (X-fold)
(IU) (mg) (IU/mg)

Culture 3600 166 21.7 100 1

supernatant

AS 3200 115 27.8 88.9 1.3

precipitation

(80%)

Biogel P100 1203 15 80.2 334 3.7

Mono-Q 1100 0.75 1466 30.5 67.6
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P. ciliatus laccase required a temperature of 60°C for optimal activity (Figure 4A),
similar to that of other fungal laccases [34], but higher than those of others such as
Tricholoma mongolicum [35] and P. ostreatus [36] (optimal temperatures at 30 and 35°C,
respectively). Laccase was active over a wide temperature range since approximately
65% of activity was detected at 20°C and was maintained at temperatures as high as 80°C
(Figure 4A). The purified laccase was relatively thermostable, presenting an advantage
for industrial applications. Indeed, half-lives at 60 and 70°C were estimated at 220 and 20
min, respectively (Figure 4B). The pH optimum of the purified enzyme was 3.0 using
DMP as a substrate (Figure 4C). Enzyme stability at acidic pH values was remarkably

lower than under more neutral conditions (Figure 4D), as already observed for other
fungal laccases [23].
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Figure 4. Effect of pH and temperature on activity and stability of purified laccase from
P. ciliatus: (A) optimum temperature using DMP as substrate. (B) thermal stability at 25°

C, 50 °C, 60 °C and 70 °C. (C) optimum pH using DMP as substrate. (D) pH stability
after 1 h and 24 h incubation at 25°C.
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The sensitivity of the purified enzyme to metal ions and chemical reagents was
highlighted in Table 4. P. ciliatus laccase activity seems unaffected by the presence of
Mg**, Cd**, and Mn®* ions. The enzyme was highly sensitive to Hg”*, a common inhibitor
of metalloenzymes, indicating the presence of thiol groups essential for its activity. It was
also inhibited by Co**, Zn**, and Fe". In contrast, the laccase activity was improved by
Cu” at 10 mM (Table 4). The enzyme activation by Cu** ions may be related to the fact
that Cu® is an active center of fungal laccases [37]. P. ciliatus laccase was significantly
inhibited by sodium azide, L-cysteine, and SDS. These results showed that P. ciliatus
laccase was inhibited by typical inhibitors of metal-containing oxidases [38].

Table 4. Effect of various metals and potential inhibitors on oxidation of DMP by
purified P. ciliatus laccase.

Compound Concentration (mM) Residual activity (%)
Cu* 10 116.3
Fe** 10 90.5
Ccd* 10 96.4
ZIn* 10 72.7
Co** 10 40.9
Hg™ 10 4.4
Mg 10 102.3
Mn?* 10 97.1
L-Cys 1 8.8
NaN; 0.01 0.0
SDS 1 0.0
EDTA 1 81.8

Synthetic dyes are widely used in textile industries thanks to their vibrant colors and
versatility in dyeing processes [39]. In this study, the ability of P. ciliatus laccase to
decolorize and detoxify the reactive polyazoic dye Direct Blue 71 (Table 2) has been
investigated. The phytotoxicity of untreated and laccase-treated dye DB71 on Solanum
lycopersicum, Lepidium sativum, and Medicago sativa seeds was performed to evaluate
the variation of the degree of phytotoxicity. As shown in Table 5, a highly significant
inhibition of all seed germination by untreated DB71 dye was recorded. In fact, treated
dye of laccase of P. ciliatus exerted a positive effect on the germination. The index of
germination of DB71 dye under Solanum lycopersicum, Medicago sativa, and Lepidium

http://www.earthlinepublishers.com




Degradation of textile polyazodyes by Polyporus ciliatus laccase ... 261

sativum was 76.4%, 67.7%, and 51.7%, respectively. Furthermore, DB71 treated with
laccase and mediated by ABTS contributed to the amelioration of the germination of the
different tested seeds.

Table 5. Germination index of untreated and treated DB 71 dye by P. ciliatus laccase.

Germination Index (%) Solanum lycopersicum Medicago sativa Lepidium sativum
Untreated DB 71 0 0 12

Treated DB 71 76.4 67.7 51.7

Treated DB 71 + ABTS 86.3 41 98

4. Conclusions

The results obtained in this work illustrated the potential advantage of employing
cheap agro-industrial wastes such as peanut shells as a support-substrate for laccase
production by the White Rot Fungi P. ciliatus under SSF conditions. The enzyme
produced on peanut shells in a solid medium was purified to homogeneity using only two
chromatographic steps. The apparent molecular mass of this enzyme was 55 kDa, and the
optimum pH value of the purified laccase was 3 with DMP as substrate. The optimum
temperature of the purified laccase was 60°C. The purified enzyme K, value was 24 uM,
while the V,,x value was found to be 0.96 UM s with ABTS as a substrate. The laccase
activity was enhanced by Cu®* at a concentration of 10 mM. The purified laccase could
be effectively used as a promising alternative for the development of efficient and eco-
friendly industrial processes for dye decolorization, such as Direct Blue 71.
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