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Abstract During dye decoloration by Trametes versicolor
ATCC 20869 in modified Kirk’s medium, manganese per-
oxidase (MnP) and laccase were produced, but not lignin
peroxidase, cellobiose dehydrogenase or manganese-in-
dependent peroxidase. Purified MnP decolorized azo dyes
[amaranth, reactive black 5 (RB5) and Cibacron brilliant
yellow] in Mn?"-dependent reactions but did not decolorize
an anthraquinone dye [Remazol brilliant blue R (RBBR)].
However, the purified laccase decolorized RBBR five to ten
times faster than the azo dyes and the addition of a redox
mediator, 2,2"-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid),
did not alter decoloration rates. Amaranth and RB5 were
decolorized the most rapidly by MnP since they have a
hydroxyl group in an ortho position and a sulfonate group in
the meta position relative to the azo bond. During a typical
batch decoloration with the fungal culture, the ratio of lac-
case:MnP was 10:1 to 20:1 (based on enzyme activity) and
increased to greater than 30:1 after decoloration was com-
plete. Since MnP decolorized amaranth about 30 times
more rapidly than laccase per unit of enzyme activity, MnP
should have contributed more to decoloration than laccase
in batch cultures.

Introduction

Most synthetic dyes are resistant to microbial degradation
(Clarke and Anliker 1980), with approximately 50% of all
dyes being azo dyes (Waring and Hallas 1990). These
compounds are used as colorants in the textile, food, plastic
and biomedical industries. About 50,000 tonnes are dis-
charged annually (Lewis 1999). The release of colored ef-
fluent into the environment is not aesthetically pleasing and
some dyes are potential health hazards as they may be
converted to toxic and/or carcinogenic products under an-
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aerobic conditions (Maguire and Tracz 1991; Banat et al.
1996). Several countries are adopting stringent regulations
for the release of colored industrial effluent. Because of the
range of chemical structures and properties, all dyes cannot
be efficiently removed by a single technology such as co-
agulation, ozonation or activated carbon (Dubrow et al.
1996; Matsui 1996).

White rot fungi have been evaluated for their potential to
treat colored wastewaters (Blanquez et al. 2002; Kissi et al.
2001). These cultures produce lignin-modifying enzymes
(LMEs)—lignin peroxidase (liP), Mn?"-dependent perox-
idase (MnP), Mn**-independent peroxidase (MnlIP), lac-
case (phenol oxidase) and cellobiose dehydrogenase (CDH)
—that are secreted during secondary metabolism (idio-
phase) when nitrogen, carbon or sulfur is limiting (Kirk and
Farrell 1987; de Jong et al. 1994).

Many investigations emphasize the ability of a fungus
to decolorize a variety of synthetic dyes. However, the
mechanism(s) by which the culture decolorizes is(are) not
completely determined and this knowledge could be helpful
for process design and optimization. Trametes versicolor
ATCC 20869 has been shown to secrete MnP and laccase
during dye decoloration in batch culture on modified Kirk’s
medium (Swamy and Ramsay 1999a,b). In the present
study, neither 1iP, CDH nor MnIP were detected under these
conditions. While cellobiose stimulates the production of
CDH, the absence of manganese is required for the produc-
tion of MnIP. However, since it is highly probable that man-
ganese, but not cellobiose, would be present in modified
Kirk’s medium, as well as textile and carpet dyeing process
waters, production of neither MnIP nor CDH would be
expected. Therefore, MnP and laccase are the major en-
zymes most likely to be involved in decoloration by this
strain. In batch culture, enzyme concentrations are constant-
ly changing so it is difficult to determine whether one or
both enzymes play a role in decoloration in vivo. Further-
more, the combined effect of both enzymes on decoloration
has never been reported. Consequently, this study examined
the in vitro decoloration of an anthraquinone dye and four
azo dyes by MnP and laccase purified from 7. versicolor,
both individually and in combination.



Materials and methods
Chemicals

All textile dyes, and the chemicals 2,2'-azino-bis(3-ethyl-
benzthiazoline-6-sulfonic acid) diammonium salt (ABTS),
2,6-dimethoxyphenol, methyl glucoside and meat peptone
were purchased from Sigma-Aldrich (Mississauga, ON,
Canada).

Culture preparation and conditions for enzyme
production

T. versicolor ATCC 20869 was maintained at 4°C on plates
containing Kirk’s medium, 3% malt extract and 1.5% agar.
Agar plugs of actively growing mycelium were used to
inoculate 500-ml Erlenmeyer flasks containing 150 ml growth
medium. For MnP production, the growth medium con-
tained (per liter): 10 g glucose, 3.5 g malt extract, 2.5 g
yeast extract, 5 g wheat bran, 2.0 g KH,POy, 0.5 g MgSOy-
7H,0, 10 pg thiamin, 1 ml trace minerals and 200 pmol
MnSO,. After 4 days of growth, the inoculum was homog-
enized in a blender for 10 s and divided equally between
four 1-1 Erlenmeyer flasks containing MnP production me-
dium comprising (per liter): 6.8 g KH,PO,4, 20 g wheat
bran, 10 pg thiamin and 200 uM MnSOQOy. The culture was
harvested when MnP activity peaked on day 4. For laccase
production, the inoculum was prepared with the growth
medium of Fahraeus and Reinhammar (1967). A 5-day-old
inoculum was distributed equally between four 1-1 Erlen-
meyer flasks containing 250 ml laccase production medium
consisting of (per liter): 40 g glycerol, 15 g meat peptone
and 1.0 g MgSO, (Leitner et al. 2002). Laccase production
was induced by adding a sterile stock solution of CuSOy-
5H,0 after day 10 to a final concentration of 0. 5 mM and
achieved a maximum of approximately 2,000 U "' at 22-26
days when the cultures were harvested. All cultures were
incubated at room temperature (22°C) and 250 rpm.

MnP purification

MnP was purified according to Addleman et al. (1995). All
steps were performed at room temperature unless otherwise
stated. The supernatant, recovered after centrifugation at
6,000 g for 20 min using a Dupont Sorvall centrifuge, was
filtered through cheesecloth, then applied to a 100-ml
DEAE-Sephacel bed (Sigma). MnP was eluted by NaCl-
step gradient with concentrations of 0.05, 0.1 and 0.3 M in
20 mM succinate buffer at pH 5.5. Fractions containing
MnP were pooled and applied to a 1530 mm Concanav-
alin-A Sepharose-4B column (Sigma) pre-equilibrated with
20 mM succinate-0.5 M NaCl buffer at pH 6.0. The enzyme
was eluted with steps 0f 0.1, 0.2, 0.3, 0.4 and 0.5 M methyl
glucoside dissolved in the same buffer. Fractions containing
MnP were pooled and dialyzed against the buffer and stored
at 4°C.
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Laccase purification

Laccase was purified according to Fahraeus and Reinhammar
(1967) and Leitner et al. (2002); all steps were carried out at
4°C unless otherwise stated. Culture flasks were pooled and
the biomass removed by centrifugation at 10,000 g for 20
min using a Dupont Sorvall centrifuge. The supernatant
was saturated to 30% ammonium sulfate and centrifuged
for 20 min at 10,000 g. Further ammonium sulfate was
added to 90% saturation and the protein allowed to pre-
cipitate overnight. The saturated supernatant was then cen-
trifuged at 10,000 g for 1 h. The pellets were dissolved in
20 mM Na phosphate (heptahydrate) pH 7.0 and loaded on
a 15x100 mm DEAE-Sephacel column (Sigma) and lac-
case was eluted with 0.2 M Na phosphate (heptahydrate)
pH 7.0. The fractions containing laccase were pooled and,
after concentrating, a 5-ml crude preparation was applied
to a 900%x26 mm Sephacryl HR S100 column (Amersham
Biosciences, Baie-D’Urfée, QC, Canada) pre-equilibrated
with 50 mM Na-phosphate (heptahydrate)-0.15 M NacCl
at pH 7.0. The enzyme was eluted at a flow rate of 0.5 ml
min ' and the active fractions were pooled and dialyzed
against 20 mM sodium succinate pH 5.0. These dialyzed
fractions were applied onto a Q-Sepharose (Amersham
Biosciences) and eluted using NaCl-step gradient of 0.15
and 0.2 M in 20 mM succinate buffer pH 5.0. The pooled
fractions were re-dialyzed against 20 mM succinate pH 5.0
and stored at 4°C.

Enzyme assays

MnP activity was determined by monitoring either the for-
matlon of Mn®*-malonate complex at 270 nm (£,7= 8,500
M em™") (Kuan et al. 1993) or the ox1dat10n of 2,6-di-
methoxyphenol at 468 nm (&443=49,600 M ' em ') (Wariishi
et al. 1992). Assay mixtures contained 0.2 mM MnSQy, 50
mM sodium malonate (pH 4.5), 0.1 mM H,0, and 100-ul
aliquots of appropriately diluted enzyme preparation. One
unit of MnP activity was defined as 1 pmol product formed
per minute. Laccase activity was determined by measurmg
the oxidation of ABTS at 420 nm (£4,0=36,000 M ' cm )
(Wolfenden and Willson 1982). The assay mixture con-
tained 0.2 mM ABTS, 50 mM sodium acetate buffer (pH
5.0) and 100-pl aliquots of diluted enzyme sample. One unit
of laccase activity was defined as 1 umol ABTS" formed
per minute. MnIP was determined by monitoring the oxi-
datlon of indigo trisulfonate at 603 nm (&493=47,600 M !
cm ') (F. Archibald, personal communication). The assay
mixture contained 10 mM sodium succinate (pH 3.2), 10
mM sodium lactate (pH 3.2), 40 uM indigo trisulfonate, and
a 100-ul aliquot of appropriately diluted enzyme sample;
the reaction was initiated by adding 0.1 mM H,0,. CDH
was determined by monitoring oxidation of 2,6- dlchlor-
ophenol-indolphenol at 520 nm (€550= 6,800 M ' cm )
(Baminger et al. 1999). The assay mixture contained 100
mM sodium acetate (pH 4.0), 30 mM lactose, 0.3 uM 2,
6-dichlorophenol-indolphenol, 100 mM NaF and 100-pl
aliquots of appropriately diluted enzyme sample. All assays
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were conducted using a Unicam UV1 spectrophotometer
(Spectronic Unicam, Cambridge, UK) or a Spectramax 250
spectrophotometer (Molecular Devices, Sunnyvale, Calif.)
at room temperature.

Electrophoretic analysis

Denaturing sodium dodecylsulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was carried out using Bio-Rad
casting (Bio-Rad, Hercules, Calif.). The protein sample was
treated with 2% SDS and 200 mM dithiothreitol, and 20 pl
was applied to a 12-15% polyacrylamide gel in a Tris/
glycerin buffer pH 8.8 for 45-60 min at 115-150 V. The
proteins were stained with Coomassie blue overnight. The
gel was washed three times with acetate buffer for 20 min
each time and visualized with a Phosphorimager (Molec-
ular Dynamics; http://www.mdyn.com).

Fig. 1 Molecular structure and
maximum wavelength of absor-
bance of selected dyes

Decoloration assay

Assays were conducted in 96-well microtiter plates at room
temperature. The total assay volume was 180 ul in 300-ul
wells. For decoloration with MnP, assay mixtures contained
50 mM malonate as a buffer (pH 4.5), 0.2 mM MnSQy,, 20
uM dye and aliquots of the enzyme preparation with the
reaction initiated by adding 0.1 mM of H,0,. For in vitro
decoloration using the laccase preparation, assay mixtures
contained 50 mM malonate (pH 4.5), 20 uM textile dye and
an aliquot of the enzyme preparation. Where appropriate,
0.2 mM MnSO, and/or 0.1 mM H,0O, were added or omit-
ted. MnP and laccase concentrations were 0.215 and 0.888
U ml™', respectively. Degradation rates were monitored
with a Spectramax 250 plate multi-reader at the maximum
wavelength of each dye (Fig. 1).
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Effect of organic acids on in vitro amaranth
decoloration by MnP or laccase

For MnP decoloration, four different organic acids were
tested: malonate, lactate, oxalate, and tartrate. For laccase,
only malonate and oxalate were used. Stock solutions of
the sodium salts of the organic acids were prepared and
diluted to 50 mM in 180 ul. The buffers were adjusted to
pH 4.5. The experiment was repeated twice with at least
five replicates.

Effect of MnP and laccase activity on the rate
of dye decoloration

Analyses were conducted with MnP concentrations of
0, 0.072, 0.152, 0.176, 0.215 and 0.238 U ml™'. The ini-
tial concentration of amaranth was 20 uM. Effects of lac-
case activity on Remazol brilliant blue R (RBBR) were
analyzed. The initial RBBR concentration was 19.2 uM and
enzyme concentrations were 0, 0.22, 0.44, 0.88 and 1.39
U ml' in malonate buffer (pH 3.8).

Decoloration of amaranth in presence of both MnP
and laccase

Decoloration assays contained 20 uM amaranth, 0.1 mM
H,0, and 0.2 mM MnSQ, in 50 mM malonate pH 3.8. The
experiment was performed at three different combinations
of MnP and laccase activities.

Results
Purification of MnP and laccase

After purification, a total of 50 U MnP and 1,200 U laccase
were typically obtained, representing yields of approxi-
mately 10% and 57%, respectively. The molecular weights
(MWs) for MnP and laccase from 7. versicolor 52 are 42
and 68 kDa, respectively (Addleman et al. 1995; Bourbonnais
et al. 1995). The MnP preparation had a single band on
SDS-PAGE at 4445 kDa with no band visible at 68 kDa
(Fig. 2). However, the laccase preparation had an intense
band at 55 kDa, which may have been deglycosylated lac-
case, and those at 50 and 17 kDa may have been laccase
fragments from the ammonium sulfate precipitation as the
MWs total 67 kDa. Although the faint band at 4043 kDa
may indicate trace amounts of MnP, MnP activity was not
detected. No liP, CDH or MnlIP activity was detected in the
culture broth or in any of the enzyme preparations.

Effect of Mn?" and H,O, on amaranth
decoloration by MnP

With the MnP preparation, the highest initial amaranth de-
coloration rate of 14.96+1.83 uM min "' U™ and apparent
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Fig. 2 Sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of duplicate samples of a manganese perox-
idase (MnP) and b laccase preparations. Molecular mass markers are
shown in the /eft lanes, with sizes as indicated. Proteins were detected
with Coomassie blue

Table 1 Effect of HO, and Mn”* on manganese peroxidase (MnP)-
and laccase-mediated amaranth decoloration. The MnP decolora-
tion mixture initially contained 50 mM malonate (pH 4.5), 20 uM
amaranth, 0.215 U ml™! MnP and, where indicated, 0.2 mM MnSO,
and/or 0.1 mM H,O,. For decoloration with laccase (0.888 U ml_l),
the initial amaranth concentration was 41.4 uM. Rates were obtained
by calculating the average of at least five replicates

Reaction mixture k (min ") Initial decoloration rate
(MM min ' U
MnP (0.215 Uml™)
MnP 524x107°  2.42+1.18
MnP+H,0, 6.12x107°  2.78+1.01
MnP+MnSO, 4.89x107°  2.23+0.96"
MnP+MnSO4+H,0, 313107 14.96+1.82°
Laccase (0.888 U ml™")
Laccase 0.85x107°  0.85+0.03
Laccase+H,0, 1.03x1073 1.03+0.03
LaccasetMnSO, 1.05x1073 1.04+0.03
Laccase+tMnSO,+H,0,  1.47x107° 1.46+0.05

4100% decoloration within 24 h
100% decoloration in less than 1 h



280

Table 2 Effect of organic acid on amaranth and reactive black 5
(RB5) decoloration by MnP and laccase from Trametes versicolor.
For MnP, decoloration was performed in 50 mM of organic acid, 100
mM H,0,, 0.2 mM MnSOy, 0.250 U mI"! MnP and an 1n1t1a1 dye
concentration of 18.2 uM. Laccase reactions included 50 mM organic
acid (pH 4.5), 1.39 U ml™' laccase and initial amaranth and RB5
concentrations of 25.2 uM and 22.2 ppm, respectively. Rates are the
averages of ten replicates

Amaranth RB5
Initial Decoloration Initial Decoloration
decoloration at 12 h (%) decoloration at 12 h (%)
rate rate
(LM min 1) (UM min 1)
MnP
Malonate 0.94+0.10 n.d.? n.d.
Lactate  0.73+0.09 n.d. n.d.
Oxalate  0.05+0.006 n.d. n.d.
Tartrate  0.43+0.20 n.d. n.d.
Laccase
Malonate 0.182+0.01  25.70+0.35 0.06+0.06 13.50+0.54
Oxalate 0.006+£0.015 15.42+1.15 0.016+0.002 2.25+0.02

*Not determined

first order rate constant (k) of 31.3 min ' were achieved
when both MnSO,4 and H,O, were present (Table 1). When
either H,O, or MnSO, was omitted, the rate decreased by at
least 80%. However, complete decoloration still occurred in
less than 24 h with MnSO, alone (data not shown) but not
with H,O, alone.

Effect of Mn**, H,O, and ABTS on amaranth
decoloration by laccase

Laccase decolorized amaranth less efﬁmently than MnP,
with an 1n1t1a1 rate of 0.85+0.03 uM min~' U ' and a k value
0f0.85x10° min "' (Table 1). Adding 0.2 mM MnSO, and/
or H,O, slightly enhanced the initial decoloration rate, and
the addition of 10 uM ABTS had no significant effect
(P<0.821 for =0.05). With 80 mU laccase (0.444 Uml "),

Table 3 Decoloration of commercial dyes by purified MnP and
laccase. Reaction mixtures contained 50 mM sodium malonate (pH
4.5),0.2 mM MnSQO,4 and 100 mM H,O,. The initial concentration for
each dye was 0.02 mM except for decoloration by laccase, where the

amaranth was decolorized in the absence and presence of
ABTS atarate of 0.038+0.001 and 0.045+0.006 uM min
respectively.

Effect of organic acids on decoloration
of amaranth and RB5

The initial rate of amaranth decoloration by MnP depended
on the organic acid added to the assay (Table 2). Decol-
oration was fastest in malonate and lactate, with initial rates
of 0.94+0.10 and 0.73+0.09 uM min "', respectively, and
was significantly slower with oxalate and tartrate. In similar
experiments with laccase, the initial decoloration rate and
extent of decoloration of amaranth or RB5 in malonate was
faster than in oxalate (Table 2).

Decoloration of azo and anthraquinone dyes by MnP
and/or laccase

MnP decolorized amaranth (mono-azo dye) and RB5 (di-
azo dye) more rapidly and to a greater extent than laccase
(Table 3), with 25.03+0.35% amaranth and 11.7+0.1% RB5
decolorized after 8 min. However, little decoloration was
achieved for CBY and there was an increase in absorbance
for Congo Red and RBBR. In contrast, laccase decolorized
RBBR (anthraquinone dye) much more rapidly than am-
aranth, RB5 and CBY.

The initial rate of amaranth or RBBR decoloration in-
creased with increasing laccase concentration (Fig. 3a).
However, laccase had a much hlgher specific rate of RBBR
decoloration (0.61 uM mm "'U™") than amaranth decolor-
ation (0.13 uM min~' U™"). Increasing the MnP concen-
tration led to a h1gher specific rate of amaranth decoloration
(3.59 uM min ' U™") than laccase but MnP did not de-
colorize RBBR (Fig. 3b). The amaranth decoloration rate
when both enzymes were present was approximately equal
to the sum of the rates of each enzyme alone (Table 4). Thus
the combined effect of the two enzymes is additive rather
than synergistic.

concentration was 0.03 mM. Rates are the averages of at least five
replicates. CBY Cibacron brilliant yellow, RBS5 reactive black 5,
RBBR Remazol brilliant blue R

Textile dyes ~ MnP (0.215 U ml™!) Laccase (1.39 U ml™)
Decoloration after  Initial decoloration k (min") Decoloration after  Initial decoloration k (min ")
8 min (%) rate (uM min~' U™") 8 min (%) rate (uM min ' U™")
Azo dyes
Amaranth 25.03+0.35 14.96+1.82 31.3%x1073 3.6240.02 0.734+0.152 4.61x1073
CBY 0.319+0.003 0.15+0.45 0.399x10  0.218+0.032 0.250+0.120 2.74x1073
Congored  —3.42+0.02 —1.1840.26 —427x107°  nd? n.d. n.d.
RB5 11.7+0.1 3.06+0.40 14.6x10 2.43+0.05 0.248+0.260 2.98x107
Anthraquinone dye
RBBR ~1.12+0.01 ~0.46+3.69 -139x107°  31.143.5 3.830.72 38.9x107

*Not determined
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Fig. 3 Effect of a laccase and b MnP concentration on decoloration
of amaranth and Remazol brilliant blue R (RBBR). Laccase was
added to 50 mM malonate (pH 4.5) and MnP was added to 50 mM
malonate (pH 4.5), 0.2 mM MnSOQ,, and 0.1 mM H,O, with 19.1 uM
RBBR or 18.2 uM amaranth. Each experiment was performed at least
twice with five replicates for each data point

Amaranth decoloration by 7. versicolor

In typical batch decolorations of amaranth by 7. versicolor
ATCC 20869 in modified Kirk’s medium, decoloration oc-
curred early (within 2—8 h) when the laccase:MnP ratio (based
on enzyme activity) was usually less than 30:1 (Fig. 4). This
ratio was frequently lower (about 10:1 to 20:1). After more
than 90% of the amaranth had disappeared, it was not un-
common for laccase production to increase significantly,
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Fig. 4 MnP and laccase production during batch decoloration of
amaranth by Trametes versicolor in modified Kirk’s medium

and for MnP production to decrease such that the laccase:
MnP ratio was greater than 30:1.

Discussion
Enzyme purity

Purification resulted in low recovery (25 and 57% of the
initial MnP and laccase activity, respectively) with neg-
ligible amounts of contaminating enzymes. The addition of
MnSO, and/or H,0, slightly enhanced the initial decolor-

Table 4 Amaranth decoloration Enzymes Low enzyme levels

Intermediate enzyme levels  High enzyme levels

in 50 mM malonate (pH 3.8), 0.2
mM MnSOy,, 0.1 mM H,0, and

Activity Initial decoloration

Activity Initial decoloration Activity Initial decoloration

20 pM amaranth at different (mU)  rate (uM min ") (mU)  rate (uM min ") (mU)  rate (uM min ")
levels of MnP and laccase
activities MnP 7.68 0.126 7.68 0.126 2,450 0.512
alone
Laccase 20 0.059 86 0.076 112 0.102
alone
Laccaset+ As 0.190 As 0.207 As 0.629
MnP above above above




282

ation rate by laccase. The slight enhancement by Mn”" may
reflect the ability of laccase to catalyze the production of
manganic chelates (Archibald and Roy 1992; Hofer and
Schlosser 1999). Any contribution from trace levels of
laccase (<O 014 U ml™") was minimal in the MnP prepa-
ration, since high laccase activities resulted in 1ow rates of
amaranth decoloration (e.g., 1.39 U laccase ml ™" decolor-
ized amaranth at a rate of 0.18 M min ).

Decoloration by MnP

Few studies on dye decoloration by purified MnP have
been reported. Some have shown that MnP required H,O,
(Ollika et al. 1993; Mielgo et al. 2003) as well as MnSOy4
to achieve maximal decoloration rates. However, MnP from
Bjerkandera adusta DSM 11310 and Pleurotus eryngii
ATCC 90787 decolorized four azo and two phthalocyanine
dyes in Mn?"-independent reactions in which the enzyme
interacted directly with the dye (Heinfling et al. 1998). MnP
from Phanerochaete chrysosporium ATCC 24725 decolor-
ized a polymeric dye, Poly R-478, in a Mn*"-dependent
reaction (Moreira et al. 2001), poorly oxidized a phthalo—
cyanine dye, and did not decolorize azo dyes in either Mn?"-
dependent (Heinfling et al. 1998; Young and Yu 1997) or
Mn?*-independent reactions (Hemﬂmg et al. 1998). In con-
trast, we found that 7. versicolor MnP decolorized three azo
dyes, including amaranth, in Mn>"-dependent reactions.
Complete (100%) amaranth decoloration required the pres-
ence of MnSO, but not H,O, (Table 1). In the latter case, the
rate of decoloration was slower but total decoloration was
achieved Wlthm 24 h, indicating that MnP from 7. ver-
sicolor, via Mn®", was the decolonzmg mediator, and other
peroxidases (such as Mn?"-independent peroxidase) were
not involved. Furthermore, MnP would not have interacted
directly with amaranth, probably because of its lack of af-
finity for the dye molecule.

MnP needs an alpha-hydroxy acid such as malonic acid
to stabilize the Mn>" generated (Wariishi et al. 1992; Kuan
et al. 1993). Although malonate has been shown to be suit-
able for MnP from Phanerochaete chrysosporium (Wariishi
et al. 1992), it decreased the extent of decoloration of Or-
ange Il (an azo dye) by MnP from Bjerkandera sp. BOSS55
(Mielgo et al. 2003). As a result of these conflicting reports,
the impact of malonate and other organic acids on amaranth
decoloration by MnP from 7. versicolor was evaluated.
Amaranth decolorized fastest when malonate or lactate was
used as the chelator (Table 2). Based on these results and
those of Wariishi et al. (1992), the Mn>"-organic acid com-
plex is likely the decolorizing agent.

Pasti-Grigsby et al. (1992) found that peroxidases from
Streptomycete sp. readily degraded sulfonated azo dyes
with a para or ortho hydroxyl group and at least one or two
ortho electron-releasing substituents relative to the azo bond
(-N=N-) on an aromatic ring. However, Phanerochaete
chrysosporium and its purified 1iP and MnP degraded azo
dyes that did not have these molecular features. This may

be due to differences between the enzymes of the two cul-
tures and their affinity for the dye molecules. Spadaro and
Renganathan (1994) proposed that the initial attack on sul-
fonated azo dyes occurs at the hydroxyl group, since 1,
2-naphtoquinone was detected when disperse yellow 3 was
decolorized by 1iP, MnP and Mn**-malonate complexes. In
our study, Amaranth and RB5 were the only dyes with a
hydroxyl group in an ortho position relative to the azo bond
and a sulfonic acid group in the meta position (Fig. 1). This
may have contributed to their more rapid decoloration com-
pared to the other dyes (Table 3). RB5 decolorized more
slowly than amaranth, probably due to the presence of two
azo bonds in RB5 (compared to one for amaranth), and
steric hindrance due to [(sulfoxy)ethylsulfonyl]phenyl azo
chains surrounding the hydroxyl group (Fig. 1).

Decoloration by laccase

Laccase has been shown to decolorize anthraquinone dyes
more efficiently than azo (Rodriguez et al. 1999; Claus and
Konig 2002; Nyanhongo et al. 2002) and triarylmethane
dyes (Claus and Konig 2002; Nyanhongo et al. 2002).
However, a redox mediator was needed for a commercial
formulation of recombinant laccase expressed in Aspergillus
niger to decolorize RBBR (an anthraquinone dye) (Soares
et al. 2001), and for laccase from a strain of 7. versicolor
to decolorize a mixture of eight dyes, including azo dyes,
quickly and to a greater extent (Claus and Konig 2002). In
our studies, although purified laccase from 7 versicolor de-
colorized an anthraquinone dye more rapidly than the azo
dyes (Table 3), a redox mediator was not required to achieve
comparable or better decoloration rates since the addition
of ABTS had no significant effect. This is consistent with
the recent findings of Selvam et al. (2003) who showed
that laccase from Thelephora sp. degraded three azo dyes
(orange G, amido black and congo red) without a redox
mediator.

Furthermore, Wong and Yu (1999) demonstrated that
Acid Green 27 (an anthraquinone dye) was not only a sub-
strate for laccase purified from 7. versicolor ATCC 48424
but also a mediator for the decoloration of two non-sub-
strate dyes: acid violet (azo dye) 7 and indigo carmine (in-
digoid dye). This indicates that the range of dyes that may
be decolorized by laccase could be expanded in the pres-
ence of anthraquinone dyes.

Although the effect of organic acids on dye decoloration
by MnP has been documented, there are no reports for
laccase. Oxalate accumulates in cultures of 7. versicolor
(Dutton et al. 1993; Galkin et al. 1998) and, like malonate,
is commonly used as a buffer for MnP assays (Wariishi et al.
1992; Kuan et al. 1993). We found that laccase decolorized
amaranth and RB5 faster and to a greater extent with
malonate than with oxalate (Table 2), indicating that oxalate
may have inhibited laccase, or the activated dye molecules
generated by laccase.



Decoloration in the presence of both enzymes

Although there are no reports of in vitro decoloration
studies in the presence of two or more LMEs, it is possible
that laccase may cooperate with MnP in dye decoloration.
Schlosser and Hofer (2002) demonstrated interactions
between MnP and laccase from Stropharia rugosoannu-
lata, where laccase indirectly produced H,O, by oxidizing
Mn?". This type of cooperation may enhance reaction rates
when both enzymes are present. However, our results show
that the rate of amaranth decoloration in the presence of
both enzymes is additive, suggesting that the enzymes do
not interact with each other during decoloration.

MnP decolorizes amaranth more rapidly (3.59 uM min
U™ than laccase (0.13 pM min ' U™ (Fig. 3). About 30
times more activity units of laccase are needed to achieve a
similar level of decoloration as 1 activity unit of MnP. In
batch decolorations of amaranth by 7. versicolor, more than
90% of the color loss occurred when the laccase:MnP ratio
was less than 30:1 (Fig. 4). This indicates that the lower
MnP activity contributed more to decoloration than laccase.
Toward the end of decoloration, there may be an increase in
laccase activity such that the laccase:MnP ratio becomes
greater than 30:1. Under these conditions, laccase would
play a more important role in amaranth decoloration.

Based on our data and on published literature, a mecha-
nism for amaranth decoloration by 7. versicolor is proposed
in Fig. 5. The solid and dashed lines represent the dominant
reactions when the laccase:MnP ratio is less than and
greater than 30:1, respectively. In batch culture when MnP
is the main decolorizing enzyme (solid lines in Fig. 5),
decoloration is initiated by the Mn®"-organic acid complex
that is regenerated by MnP. A minimum of 0.34 g glucose/l
is required for maximal decoloration rates (Swamy and
Ramsay 1999a). It is likely that H,O, is generated from
glucose via glucose oxidase (Zhao and Janse 1996) and by
the non-enzymatic degradation of oxalate (or another or-

1

Fig. 5 Proposed mechanism of
amaranth decoloration by o
T. versicolor. Thick and dashed 2
lines represent major and minor
reactions when the laccase:MnP
ratio (based on units of activity)
is less than and greater than 30:1,
respectively. At laccase:MnP by
ratios less than 30:1, MnP would .
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ganic acid) (not shown in Fig. 5). This would increase the
extent of decoloration without the addition of H,O,. When
laccase plays the primary role in decoloration (dashed lines
in Fig. 5), O, but not a redox mediator is required for de-
coloration to occur. Laccase can regenerate the Mn® -or-
ganic acid complex (not shown in Fig. 5) and oxidize the
dye molecule.

For other azo dyes, such as CBY and RBS5, a similar
relationship between MnP and laccase is expected except
that the ratio at which one enzyme would dominate the
decoloration activity may be different e.g., for RBS5, the op-
timum laccase:MnP ratio is probably around 15:1 (Table 3).
For the anthraquinone dye, RBBR, it would appear that
only laccase contributed to decoloration as the presence of
MnP alone resulted in an increase in absorbance. These two
enzymes may be antagonistic to each other for RBBR. Al-
though laccase or the Mn®"-organic acid complex initiates
decoloration by oxidizing the dye, the oxidized dye will
undergo several subsequent reactions, some of which may
be spontaneous or be promoted by the same enzyme to
eventually destroy the chromophore group(s), resulting in
color loss. Due to the complex nature of the reactions in-
volved, it is difficult to predict the structures of the de-
colorized intermediates and/or products without further
analytical studies.

In conclusion, MnP and laccase were purified and their
ability to degrade four azo and an anthraquinone dyes was
investigated. MnP was most efficient at decolorizing ama-
ranth, and laccase readily decolorized RBBR without the
addition of a mediator. Our results provide strong evidence
that while both laccase and MnP are capable of decolorizing
amaranth, it is MnP, via the Mn3+—organic acid chelates, and
not laccase that is the key enzyme during batch decoloration
of amaranth in cultures of 7. versicolor. Furthermore, de-
coloration in the presence of both enzymes showed that the
contribution of each enzyme to decoloration was additive.
Since each enzyme attacks different chemical structures, it

3
Mn”*

/, H,0

MnP

N

L Mn2+

} H,0,
gluconolactone

J

Glucose oxidase

A

glucose
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would be advantageous to use whole fungal cultures or an
enzymatic reactor containing more than one LME to target
a wider range of chemical structures in waste effluents. The
advantage of using a culture instead of an enzymatic reactor
would be lower cost. However, the fungus must secrete
several LMEs and associated isoenzymes. To achieve this,
the induction of enzyme production during the decoloration
process must be further investigated to optimize treatment
of wastewaters that contain a mixture of dyes. Finally,
knowledge of the influence of dye structure on dye decol-
oration must be further deepened to help design efficient
treatment processes.
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