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Abstract. White-rot fungi were studied for the decolorization of 23 industrial dyes. Laccase, manganese
peroxidase, lignin peroxidase, and aryl alcohol oxidase activities were determined in crude extracts from
solid-state cultures of 16 different fungal strains grown on whole oats. AllPleurotus ostreatusstrains
exhibited high laccase and manganese peroxidase activity, but highest laccase volumetric activity was
found in Trametes hispida. Solid-state culture on whole oats showed higher laccase and manganese
peroxidase activities compared with growth in a complex liquid medium. Only laccase activity correlated
with the decolorization activity of the crude extracts. Two laccase isoenzymes fromTrametes hispidawere
purified, and their decolorization activity was characterized.

Industrial dyes can be released into the environment from
two major sources: as effluents from synthesis plants and
from dye-using industries, such as textile factories. It is
estimated that between 10 and 15% of the total dye used
in the dyeing process may be found in wastewater [6].
Several of these dyes are very stable to light, temperature,
and microbial attack, making them recalcitrant com-
pounds [28]. About 50% of the industrial colorants
produced in the world are azo dyes [21]. These can be
transformed to carcinogenic compounds under anaeobic
conditions [11].

Ligninolytic fungi have been reported to degrade
xenobiotic compounds [14]. The enzymatic systems that
involve the enzymes of lignin degradation are able to
transform polycyclic aromatic hydrocarbons [3, 18, 24,
40], chlorinated phenols [24, 32], PCB [33, 42], dioxins
[8, 38], pesticides [19, 22], explosives [17, 37], dichloroa-
niline [2, 25], and dyes [15, 20, 31, 34].

The white rot fungusPhanerochaete chrysosporium
is able to decolorize several industrial dyes [20] and
polymeric dyes [15].P. chrysosporiumcultures, extracel-
lular fluid, and purified lignin peroxidase were able to
degrade crystal violet and six other triphenylmethane
dyes by sequential N-demethylations [7]. Azo dyes
Orange II, Tropaeolin O, and Congo Red, and the
heterocyclic dye Azure B were decolorized by cultures of
P. chrysosporium[12]. However, crude lignin peroxidase
decolorized all the dyes except Congo Red, indicating

that other enzymes must be involved in the degradation of
this azo dye [12]. The role of purified lignin peroxidase in
the decolorization of several azo dyes has been clearly
demonstrated [30]. The different isoenzymes of lignin
peroxidase produced byP. chrysosporiumare able to
decolorize several dyes with different chemical struc-
tures, including azo, triphenylmethane, heterocyclic, and
polymeric dyes [27]. This decolorization was enhanced
by the presence of veratryl alcohol. Manganese peroxi-
dase fromP. chrysosporiumwas also able to decolorize
several azo dyes in vitro, and with both enzymes the
decolorization rate was dependent on the chemical struc-
ture of the dye [29]. Dyes such as Poly R [16] and
Azure B [1] have been proposed as a standard assay for
determination of lignin peroxidase activity. InP. chryso-
sporium cultures, dye decolorization is not a one-step
oxidation process, as several dyes are extensively miner-
alized [36].

Other ligninolytic fungi have shown the capacity for
dye decolorization.Pleurotus ostreatusdecolorized a
polymeric dye, Poly-B411, but only when the fungus was
previously cultured in lignin-containing media [31]. A
73-kDa peroxidase fromP. ostreatushas been shown to
be involved in Remazol Brilliant Blue decolorization
[34]. Congo Red is readily decolorized by cultures of
Pleurotus ostreiformis[13], and laccases fromTrametes
versicolorcan use Remazol Brilliant Blue as a mediator
in the oxidation of model lignin compounds [4].
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such as lignin peroxidase probably involves the oxidation
of the phenolic group to produce a radical at the carbon
bearing the azo linkage. Then water attacks this phenolic
carbon to cleave the molecule producing phenyldiazene.
The phenyldiazene can be oxidized by a one-electron
reaction generating N2 [10, 35]. For laccase oxidation of
phenolic azo dyes, a similar mechanism has been pro-
posed [9].

Approximately 10,000 different dyes and pigments
are produced annually worldwide and used extensively in
the dye and printing industries. It is estimated that about
10% are lost in industrial effluents [44]. Industry uses
synthetic dyes with a great variety of chemical structures;
thus, a biocatalyst for decolorization should be able to
degrade dyes of diverse structures. In this work, 16
strains of ligninolytic fungi were examined for the
decolorization of 23 industrial dyes, and an attempt was
made to correlate dye decolorization with enzyme produc-
tion. Two forms of laccase fromTrametes hispida, shown
to be involved in the decolorization reaction, were
purified and their kinetic properties were determined.

Materials and Methods

Fungal strains. Bjerkandera adusta4312, 7308, 8258;Pleurotus
ostreatus7964, 7972, 7980, 7988, 7989, 7992;Phanerochaete chryso-
sporium 3541, 3642; Sporotichum pulverulentum4521; Trametes
hispida 8260 and Trametes versicolor8272 were obtained from
University of Alberta Mold Herbarium, Edmonton, Canada.Pleurotus
ostreatusIE8 was obtained from the Ecology Institute, Xalapa, Mexico
andPhanerochaete chrysosporiumATCC 24725 was from the Ameri-
can Type Culture Collection, Rockville Pike, MD. All fungi were
maintained on potato dextrose agar plates (Difco).

Chemicals. Veratryl alcohol, 2,28-azinobis(3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt (ABTS), and sodium malonate were
purchased from Aldrich (Milwaukee, WI). Orisol dyes were obtained
from Colorfran S.A. (Monterey, Mexico) and the other industrial dyes
were obtained from BASF (Ludwigshafen, Germany). Mineral salts
were obtained from J.T. Baker (Phillipsburg, NJ), and glucose, yeast
extract, and malt extract were purchased from Difco Laboratories
(Detroit, MI).

Enzyme production. Inocula were prepared as follows: five 5-mm
disks of fungal mycelium, excised from agar plates, were inoculated in
each 125-ml flask containing 50 ml of glucose–malt extract–yeast
extract medium. The culture medium contained, per liter, 10 g of
glucose, 2 g of yeast extract, 3.5 g of malt extract, 2 g KH2PO4, 0.5 g
MnSO4 · 7H2O, and 1 ml of trace metals solution. The trace metals
solution contained, per liter, 0.14 mg of ZnSO4 · 7H2O, 0.29 mg of
CoCl2 · 6H2O, 0.50 mg of FeSO4 · 7H2O. After 6 days of incubation in
shaken flasks at 28°C, the fungal growth in liquid glucose–malt medium
reached 2.02 (60.20) g/L of dry biomass, and 20 ml of this culture was
used to inoculate 50 g of wet whole cereal grain at 30°C. After 20 days
of mycelial growth in solid state fermentation, extracellular enzymes
were extracted by washing three times with 100 ml of 60 mM sodium
phosphate buffer, pH 6.0. The combined extracts were filtered and
assayed for enzyme activities.

Enzyme assays.Laccase activity was determined spectrophotometri-
cally as the absorbance increase at 436 nm of 0.5 mM ABTS in 100 mM

sodium acetate buffer, pH 4.5 (e436 5 29.30 mM21 cm21) [26]. Aryl
alcohol oxidase (AAO) activity was estimated by the oxidation of 5 mM

veratryl alcohol (3,4-dimethoxybenzyl alcohol) to veratraldehyde in
100 mM sodium phosphate buffer, pH 6.0 (e310 5 9.30 mM21 cm21)
[26]. Manganese peroxidase (MnP) activity was assayed by the
oxidation of 1 mM MnSO4 in 50 mM sodium malonate, pH 4.5, in the
presence of 0.1 mM H2O2. Manganic ions, Mn13, form a complex with
malonate, which absorbs at 270 nm (e270 5 11.59 mM21 cm21) [41].
Lignin peroxidase activity was determined as the oxidation of 4 mM

veratryl alcohol to veratraldehyde in 20 mM succinate buffer pH 4.0, in
the presence of 0.4 mM of H2O2 [39]. One unit of enzyme activity was
defined as the amount of enzyme oxidizing 1 µmol of substrate min21.
Decolorization activity was determined by measuring the decrease of
the dye absorbance at their maximum visible absorbance wavelength.
Dye concentration in the reaction mixture was adjusted to 1.0 absor-
bance unit at the maximum wavelength in the visible spectrum.

Laccase purification.Twenty-day-old cultures of solid-state fermenta-
tion of Trametes hispida8260 on oats were each extracted three times
with 100 mM phosphate buffer (pH 6.0), and the extracellular liquid was
filtered and concentrated by ultrafiltration (Amicon PM10). The concen-
trated extract was applied to an anion exchange column (diethylamino-
ethyl cellulose DE52, Whatman). The column was equilibrated with 10
mM sodium phosphate buffer (pH 6.0) and eluted with a 0–0.6M NaCl
gradient in the same buffer. This column served to remove the majority

Table 1. Dye decolorization by fungal cultures on agar medium and in
vitro by extracellular crude extracts from fungal cultures grown
on oat grain

Dye

Metabolic decolorization
Enzymatic

decolorization

P.
chrysosporium
(ATCC-24725)

P.
ostreatus

(IE8)

P.
ostreatus

(IE8)

T.
hispida
(8260)

BASF
Acid black 194 1 1 1 1

Acid blue 185 2 1 1 1

Direct black 22 NAa NA 2 1

Disperse blue 56 1 1 2 1

Disperse blue 79 NA NA 2 1

Disperse orange 30 2 2 2 2

Disperse yellow 54 2 1 2 2

Disperse red 161 2 2 2 2

Reactive blue 19 2 1 2 1

Reactive blue 158 2 1 1 1

Reactive red 141 2 2 2 2

Reactive red 180 2 2 2 2

Reactive yellow 84 2 2 2 2

Sulfur black 1 1 1 2 1

Vat blue 6 1 1 2 2

Vat red 10 2 1 2 2

Vat yellow 46 2 1 2 2

COLORFAN
Orisol black 2V NA NA 2 1

Orisol blue BH 1 1 1 1

Orisol orange S 2 2 2 2

Orisol scarlet 4BS 2 2 2 2

Orisol turquoise JL 2 1 1 1

Orisol yellow 4JLZ 2 2 2 2

a Not assayed.

28 CURRENTMICROBIOLOGY Vol. 38 (1999)



of the pigment. Fractions containing laccase activity were pooled,
concentrated, and dialyzed by ultrafiltration. The enzyme was then
applied to a Sephadex-G100 column (Sigma) and eluted with 60 mM

sodium phosphate buffer pH 6.0. Fractions containing laccase activity
were pooled and concentrated. The enzyme was applied a second time
on a DE52 column under the same conditions to remove any residual
pigment. Fractions with laccase activity were concentrated and applied
to an Econo-Pac Q, strong anion exchanger (Bio-Rad), eluted with a
gradient from 0 to 100% of 1M NaCl in a 10-mM sodium phosphate
buffer pH 6.0. Two peaks containing laccase activity were detected and
called laccase I and II according to elution time. Laccase I and II
showed specific activities of 168 U/mg and 170 U/mg, respectively.

Analytical procedures. Protein concentration was determined by the
Bio-Rad protein assay. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) on 10% polyacrylamide gels was per-
formed by the method of Laemmli [23] with lysozyme (14.3 kDa),
b-lactoalbumin (18.4 kDa), carbonic anhydrase (29 kDa), ovalbumin
(43 kDa), bovine serum albumin (68 kDa), phosphorylase B (97.4 kDa),
myosin (H-chain; 200 kDa) as molecular mass standards (Gibco BRL).

Results

Cultures of the white-rot fungiPhanerochaete chrysospo-
rium (ATCC 24725) andPleurotus ostreatus(IE8),
growing on agar complex medium containing one of 23
industrial dyes tested, showed thatP. ostreatusis able to
decolorize 12 of 23 industrial dyes in vivo, whileP.
chrysosporiumdecolorized only 5 dyes (Table 1). These
industrial dyes were selected on the basis of their stability
to a range of pH (pH 3–11), thermostability, and stability
under culture conditions in noninoculated flasks. This
decolorization capacity was associated with extracellular
enzymes; nevertheless, the crude extracellular extracts
from P. ostreatuswere able to decolorize only five dyes
(Table 1), showing that other enzymatic mechanisms
could be involved in the dye decolorization in vivo
experiments. Extracellular crude extracts fromTrametes
hispida grown on oat grain were able to decolorize in
vitro 11 of 23 industrial dyes (Table 1).

With the aim of finding higher decolorization activ-
ity, and because extracellular ligninolytic enzymes have

been shown to be induced by growth on natural lignin
substrates,Pleurotus ostreatus IE8, used as an indicator
strain from preliminary experiments, was grown in media
containing different ligninocellulosic substrates. Solid-
state cultures with whole wheat and oats were compared
with submerged culture in the complex medium. These
natural substrates induced the production of the lignino-
lytic enzymes laccase and manganese peroxidase, and the
crude extracellular extract showed higher dye decoloriza-
tion capacity than that obtained from the complex
medium (Table 2).P. ostreatusIE8, grown on oats,

Table 2. Enzymatic activities and dye decolorizationa of crude extracts fromPleurotus ostreatusIE8 grown in different media

Enzymatic activity

Liquid Wheat Oat

U/flask U/mg protein U/flask U/mg protein U/flask U/mg protein

Laccase 410 15 2462 106 3052 181
Manganese peroxidase NDb ND 19 1 17 2
Aryl alcohol oxidase ND ND ND ND ND ND
Lignin peroxidase ND ND ND ND ND ND
Reactive blue 158 102 11 2244 96 2418 149
Acid blue 185 32 4 654 28 684 42
Acid black 194 34 4 78 3 126 7

a Units for dye decolorization activity were estimated as theDA/min at the maximum visible absorbance (see Materials and Methods).
b ND, not detected.

Table 3. Enzymatic activities of crude extracts from solid cultures of
different fungi grown on oat grains

Strains

Volumetric activity (U/L)a

Laccase
Mn-

peroxidase
Veratryl

alcohol oxidase

B. adusta(4312)b NDc ND 54–160
B. adusta(7308) 5–7 66–70 ND
B. adusta(8258) 6–18 126–226 ND
P. ostreatus(7964) 83–181 59–75 ND
P. ostreatus(7972) 151–223 21–81 ND
P. ostreatus(7980) 109–421 47–61 24–97
P. ostreatus(7988) 235–588 77–157 ND
P. ostreatus(7989) 287–427 97–108 41–42
P. ostreatus(7992) 134–215 78–253 ND
P. ostreatus(IE8) 403–1272 49–67 ND
P. chrysosporium(3541) ND ND ND
P. chrysosporium(3642) ND ND ND
P. chrysosporium

(ATCC-24725) ND ND ND
S. pulverulentem(4521) ND ND ND
T. hispida(8260) 1184–1766 78–99 ND
T. versicolor(8272) 86–1042 39–96 ND

a Activity range from three independent replicates. Volumetric activity
found in 300 ml extract from solid-state fermentation after 20 days’
growth on 50 g of oat grains.
b Strain number from the University of Alberta Mold Herbarium.
c ND, not detected.
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showed the highest volumetric and specific enzyme
production and dye decolorization activities. Laccase
activity production was 7.5 times higher in oat cultures
than in liquid cultures, and the decolorization activity
against Reactive blue 158 from solid phase oat extracts
was 23 times higher than that from complex medium
culture supernatant. No lignin peroxidase or aryl alcohol
oxidase activity was detected in any of the culture
supernatants ofP. ostreatusIE-8.

After this, all fungi were grown on oats in solid-state
fermentation. Extracellular extracts were tested for en-
zyme production (Table 3) and dye decoloration (Table
4). Lignin peroxidase, manganese peroxidase, laccase,
and veratryl alcohol oxidase activities were determined in
the crude extracts from all 16 fungal strains. All strains of
P. ostreatuswere active to various levels in decolorizing
the five dyes tested, butT. hispidashowed the highest
volumetric activity.Bjerkandera adustastrains showed
high manganese peroxidase but low laccase and decolor-
izing activity, andPhanerochaete chrysosporium, well
known as a producer of ligninolytic enzymes under
low-nitrogen growth, produced none of the enzymes nor
decolorized the dyes under these growth conditions. Of
the four enzyme activities assayed in these extracts, only
laccase seems to be correlated with the dye decoloriza-
tion (Fig. 1), andTrametes hispidashowed the highest
laccase activity production, which is consistent with the
highest dye decolorization activity. No lignin peroxidase
activity could be detected in any of the fungi strains
cultured under our growth conditions.

Because the crude extract fromT. hispidacultures
showed the highest laccase and decolorization activities,
laccase isoenzymes fromT. hispida were purified and
their kinetics constants determined with ABTS and
Reactive blue 158 (Remazol brilliant blue, CI 61200) as
substrates. Specific activities of the two purified enzymes
were 168 U mg21 for laccase I and 170 U mg21 for

Table 4. Dye decolorization by crude extracts from solid cultures of different fungi grown on oat grains

Strains

Decolorization activitya (DA min21 l21)

Reactive blue 158 Acid blue 185 Acid black 194 Orisol blue Orisol turquoise

B. adusta(4312)b NDc ND ND ND ND
B. adusta(7308) 940–1800 520–667 ND ND 133–180
B. adusta(8258) ND ND ND ND ND
P. ostreatus(7964) 1300–2220 440–580 ND ND 560–1040
P. ostreatus(7972) 1040–3320 140–460 0–160 0–180 400–480
P. ostreatus(7980) 8080–8420 1440 0–100 0–400 2040–3000
P. ostreatus(7988) 4180–10160 1580–3500 0–360 180–600 1800–6060
P. ostreatus(7989) 3860–6660 880–1960 0–460 160–320 1060–2580
P. ostreatus(7992) 1580–1820 60–600 0–40 0–260 0–780
P. ostreatus(IE8) 1060–9500 1160–2500 130–500 650–900 1200–2300
P. chrysosporium(3541) ND ND ND ND ND
P. chrysosporium(3642) ND ND ND ND ND
P. chrysosporium(ATCC-24725) ND ND ND ND ND
S. pulverulentem(4521) ND ND ND ND ND
T. hispida(8260) 14020–21700 2640–12840 420–740 240–780 2840–3720
T. versicolor(8272) 3480–14540 400–1220 0–840 360–840 480–900

a Decolorization activity is estimated as the decrease in absorbance at the maximum visible wavelength for each dye.
b Strain number from the University of Alberta Mold Herbarium.
c ND, not detected.

Fig. 1. Correlation between laccase activity and decolorization capacity
of Reactive blue 158 dye by crude extracellular extract from 16 different
fungal strains grown on oat grains.
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laccase II. The kinetic constants, determined by double
reciprocal plots (Table 5), showed that thekcat for ABTS
oxidation is 10 times higher in laccase II than those found
with laccase I. However, theKM value of laccase II is also
higher than that of laccase I, making no significant
difference in the catalytic efficiency values (kcat/KM) for
ABTS. On the other hand, kinetic constants for the
Reactive blue 158 as substrate were similar for both
laccases. The molecular weights determined by SDS-
PAGE electrophoresis showed that both laccase I and
laccase II are 68-kDa proteins, and both enzymes were
stable, showing no decrease in activity during 30 days at
room temperature under aseptic conditions. Although
data are presented for only five dyes,T. hispidalaccase
was able to decolorize in vitro 11 of the 23 industrial,
while P. ostreatuslaccase was able to oxidize in vitro
only five of the same dyes. These results also show that
there are other enzymatic systems involved in dye
decolorization in in vivo cultures.

Discussion

Ligninocellulosic materials were able to induce lignino-
lytic enzyme production in many fungi. The increase of
enzyme activities is correlated with the decolorization
capacity of extracellular medium (Table 2). Lignin peroxi-
dase has been shown to be involved in dye decoloriza-
tion, mainly inP. chrysosporiumcultures [7, 12, 27, 30,
44]. However, none of the strains tested under our
conditions produced detectable amounts of lignin peroxi-
dase (Table 3), while most of the extracellular extracts
from these cultures were able to decolorize several dyes
(Table 4). Manganese peroxidase [1, 16, 29] and laccase
also have been reported to decolorize some synthetic
dyes. From the strains we tested, it seems that laccase is
the main enzyme involved in dye decolorization: this
activity is clearly correlated with the decolorization
capacity (Fig. 1), and the purified preparations are able to
perform this decolorization reaction in vitro.

While laccases from different sources have many
similar properties, there are also catalytic differences. We
found that the molecular weight of both laccases fromT.
hispida was 68 kDa, in the same range reported for

laccases I and II found inPleurotus ostreatus, 64 kDa
[43]; Trametes versicolor, 67 kDa [5]; andPleurotus
eryngii, 65 and 61 kDa respectively [26]. However, the
laccases fromT. hispidaandP. ostreatus(IE-8) exhibited
different substrate specificities.T. hispida laccase was
able to decolorize in vitro 11 of the 23 industrial dyes. On
the other hand,P. ostreatuslaccase was able to oxidize
only five dyes in vitro, even if it was capable of oxidizing
11 industrial dyes in in vivo experiments. The differences
of substrate specificity between purified laccases from
both microorganisms could be explained by the differ-
ences of amino acid sequences [26] and seems not to be
related to the culture conditions. These results also show
that there are other enzymatic systems inP. ostreatus
involved in dye decolorization in in vivo cultures, such as
cytochromes P450 or peroxidases [34].

In conclusion, several industrial dyes were decolor-
ized biocatalytically by extracellular enzymes from differ-
ent strains of white-rot fungi grown on oats in solid-state
fermentation. This decolorization capacity was correlated
with the laccase activity levels.Trametes hispidashowed
the highest volumetric decolorization activity, and puri-
fied laccases fromT. hispida were able to decolorize
several synthetic dyes in vitro. This enzymatic system
appears to be a good candidate for immobilization and
use as a bioreactor for effluent treatment from the dye and
printing industries.
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