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ABSTRACT: Malachite green residue can affect aquaculture food safety. Bioremediation of contaminated water by enzyme
treatment is an environmentally friendly and economical way to remove contaminating substances. In the present study, a
temperature- and pH-stable laccase was purified from the spores of Bacillus ballismortis fmb-103 and was used to degrade
malachite green. The laccase from fmb-103 (fmb-L103) was purified 15.2-fold to homogeneity (389.9 mU/mg protein with
respect to ABTS as a substrate) by precipitation with 30−80% (NH4)2SO4, DEAE-Sephadex A-50 ion exchange chromatography,
and Sephadex G-100 chromatography. fmb-L103 is a nonblue laccase with a molecular weight of 55.0 kDa and Cu content of 2.5
(mol:mol). fmb-L103 retained more than 50% activity after 10 h at 70 °C and demonstrated broad pH stability in both acidic and
alkaline conditions. The effects of inhibitors and metal ions on fmb-L103 activity were also examined. A kinetic study revealed
that ABTS was a suitable substrate with a Km of 22.7 μmol and a Vmax of 3.32 μmol/mL/min. fmb-L103 can efficiently degrade
malachite green after a 48 h treatment period in combination with a mediator, without the appearance of leucomalachite green.
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■ INTRODUCTION

Malachite green (MG) is a type of triphenylmethane dye, which
can be used as an effective therapy for the treatment of
ectoparasitic and fungal infections in aquaculture.1 However,
the use of MG is limited because of its metabolism to unwanted
toxic metabolites. It is well known that MG can be readily
absorbed by fish and metabolically reduced to the lipophilic
leucomalachite green (LMG). Residues of MG and LMG in
water or in fish can result in serious pollution of the ecological
environment and also affect the safety of food products and
consequently threaten human health. As a result, the use of MG
in aquaculture has been prohibited in many countries since the
1990s.1 However, MG is still illegally used in the fish-farming
industry because of its low cost, easy availability, and high
efficacy against fungi, bacteria, and parasites.2

To date, many researchers have investigated the distribution
of MG in aquatic foodstuffs using a variety of detection
technologies.3−5 In addition, it has been important to consider
appropriate means of degrading MG to maintain pollution-free
aquatic food products. Various combinations of physical,
chemical, and biological technologies useful for restoring
farming water have been investigated. Compared with physical
and chemical methods, enzyme-catalyzed processes are
environmentally friendly and economical for purposes of
remediation.6

Laccase is an enzyme involved in the catalytic decomposition
of dyes, and it has been investigated for its biotechnological
applications in bioremediation of contaminated soil or
wastewater.6 Laccase (EC 1.10.3.2) is a blue multicopper
oxidase that catalyzes the oxidation of a variety of aromatic
substrates coupled with the reduction of molecular oxygen to
water.6 These enzymes were first detected in the varnish tree
Rhus vernicifera and subsequently in many other plants, insects,

Archae, and bacteria.7 Many fungal laccases have been purified
and characterized8−10 and have been used in the removal of
dyes. However, fungal laccases usually lose their activity rapidly
at high temperature and pH.11 Compared with fungal laccases,
bacterial laccases are much more thermotolerant and pH stable,
two characteristics that are advantageous for the biodegradation
of industrial textile dyes.12 However, to date, only a few spore
laccases have been purified and characterized.13−15

In our previous work, we described a Bacillus vallismortis
strain fmb-103 that produces a spore laccase.16 It was quite
stable at high temperature and demonstrated broad pH stability
in both acidic and alkaline conditions. It could efficiently
degrade triphenylmethane dyes in combination with a
mediator. However, spores containing polysaccharides, protein,
nucleic acids, or some other substance may influence the
catalytic process of laccase. In the present study, laccase from
the spores of B. vallismortis strain fmb-103 was purified,
characterized, and tested in the MG degradation process.

■ MATERIALS AND METHODS
Bacterial Strain. B. vallismortis strain fmb-103 producing a spore

laccase was isolated as described elsewhere.16 The fmb-103 strain was
cultured in LB liquid medium at 37 °C, 180 rpm for 12 to 14 h.

Purification of Laccase from Bacillus vallismortis fmb-103.
Preparation of the spores of this novel dye degradation microorganism
was carried out as earlier reported.17 The collected spores were ground
for 5 min, and then the isolation of the proteins from the spores was
performed as described earlier.15
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The proteins isolated from the spores were precipitated overnight
with 80% ammonium sulfate by slowly stirring at 4 °C for 2 h. The
precipitate was then dissolved in 0.05 M potassium phosphate buffer
(pH 5.0) and dialyzed against distilled water using a cellulose
membrane. The highest activity fraction was loaded onto a DEAE-
Sephacel column equilibrated in 0.05 M potassium phosphate buffer
(pH 5.0), and bound protein was eluted with a liner gradient formed
from three buffer solutions containing 0.1, 0.3, and 0.5 M NaCl at a
flow rate of 0.5 mL/min. Fractions with laccase activity were collected
and loaded onto a Sephadex G-100 column equilibrated with 0.5 M
potassium phosphate buffer (pH 5.0). Elution was carried out with the
same buffer at a flow rate of 0.3 mL/min. The active fractions were
pooled and concentrated.
The protein concentration was determined by the method of

Bradford using bovine serum albumin as the standard. The purity of
the laccase was monitored by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), with a 5% stacking gel and 10%
separating gel. Proteins were stained with Coomassie Brilliant Blue R-
250. PAGE under nondenaturing conditions was performed using 8%
(w/v) polyacrylamide gels,9 and activity was detected in the gels using
the guaiacol assay in citrate-phosphate buffer (pH 5.0).
Enzyme Assay. Laccase activity was assayed at 45 °C using ABTS

and syringaldazine as the substrate. The oxidation of ABTS (1 mM)
was measured at 420 nm (ε420 = 36 000 M−1 cm−1) in 0.1 M citrate-
phosphate buffer.14 The oxidation of syringaldazine (SGZ) (0.1 mM)
was detected at 525 nm (ε525 = 65 000 M−1 cm−1) in 0.1 M citrate-
phosphate buffer.14 The oxidation of 2,6-dimethoxyphenol (2,6-DMP)
(0.1 mM) was detected at 465 nm (ε465 = 49 600 M−1 cm−1) in 0.1 M
citrate-phosphate buffer.18 The oxidation of guaiacol (0.1 mM) was
detected at 465 nm (ε465 = 49 600 M−1 cm−1) in 0.1 M citrate-
phosphate buffer.
Spectrum and Copper Content. A sample of 1.5 mg/L of the

purified laccase was subjected to a wavelength scan in the range 200−
800 nm using a UV−visible spectrophotometer. The Cu content of the
purified laccase was determined by a colorimetric assay using the
chromogenic ligand 1,10-phenanthroline monohydrate as described
elsewhere.19

Biochemical Characterization of the Purified Laccase. Effect
of Temperature and pH on Laccase Activity and Stability. The
optimum temperature for activity was determined using ABTS as the
substrate at different temperatures (25−90 °C). For determination of
temperature stability, the laccase solution was incubated for 10 h at
different temperatures (70, 80, and 90 °C); then the residual activity
was measured. The enzyme storage stability was determined at 20 °C
for the selected times.
The effect of pH on the activity of the laccase was determined at 45

°C in 0.1 M citrate-phosphate buffer (pH 2.2−7.0) or 0.1 M Tris-HCl
buffer (pH 7.0−9.0). The pH stability of the laccase was assayed by
incubating the laccase at 4 °C at pH 3.0, 7.0, and 8.0 and then
measuring the residual activity.
The activity at the optimum temperature or optimum pH was used

as the control to determine the effect of the temperature or the pH on
the laccase, respectively. For the temperature or pH stability
experiments, the test system without manipulations at these conditions
was used as the control.
Effect of Inhibitors on Laccase Activity. The effects of inhibitors on

spore activity at different concentrations were determined by the
enzyme assay described above using ABTS as the substrate. The
purified laccase was preincubated with various inhibitors for 10 min at
37 °C. Residual activity was expressed as the percentage of the activity
observed in the absence of any compound.

Effect of Metal Ions on Laccase Activity. The effects of metal ions
on the activity were investigated in the presence of K+, Ca2+, Cu2+,
Mg2+, Mn2+, Zn2+, and Fe2+. The purified enzyme was preincubated
with various metal ions at a concentration of 5 mM for 10 min at 37
°C, and the residual activities were determined. The activity of the
enzyme in the absence of metal ions was taken as 100%.

Kinetic Constants of the fmb-L103. The substrate specificity of the
enzyme was determined at the wavelength of maximum absorption of
each substrate including ABTS, 2-DMP, SGZ, and guaiacol. Different
concentration ranges of the four substrates were used for the kinetic
studies.

Degradation Tests. Degradation of MG was tested in the
presence or absence (0.1 mol/L) of ABTS, acetosyringone, and
syringaldehyde as the mediator. The enzymatic treatment was
performed in 6 mL of 0.1 M citrate-phosphate buffer (pH 4.0),
containing fmb-L103 (400 mU/mL) and MG (50 mg/L). The
reaction mixtures were incubated at 37 °C for 24 h. The degradation
of MG was determined spectrophotometrically as the relative decrease
of absorbance at the maximal absorbance wavelength of 617 nm.

Decolorization activity was calculated according to Parshetti et al.
(2006).

= − ×I F I%Decolorization [( )/ ] 100

where I = initial absorbance and F = absorbance of decolorized
medium.

Decolorization was monitored by UV−vis spectroscopic analysis.
Spectral analysis was carried out using a UV-2450 spectrophotometer
(Shimadzu, Kyoto, Japan), where changes in its absorption spectrum
(200−800 nm) were recorded.

The LMG Elisa kit (CFC019D) was purchased from Suzhou ARD
Biological Co. Ltd. (China) and was used to detect LMG.

All assays were carried out in triplicate.

■ RESULTS AND DISCUSSION
Purification of the Laccase from Strain fmb-103

Spores. The laccase from B. vallismortis fmb-103 was purified
using a combination of chromatographic steps listed in Table 1.
Before performing the purification steps, the spores with laccase
activity (6 U/g) were disaggregated as described in the
Materials and Methods section. After isolation, the crude
mixture from the spores was subjected to ammonium sulfate
precipitation and DEAE-Sephadex A-50 and Sephadex G-100
column chromatography to purify the enzyme to homogeneity.
The collected fraction showed a single band of approximately
55 kDa by SDS-PAGE (Figure 1a), and the laccase active band
was visualized by soaking the gel in guaiacol solution (Figure
1b). This active protein was named fmb-L103. The enzyme was
purified 15.2-fold, with a final yield of 29.4%. The specific
activity of the final enzyme preparation was estimated to be
389.9 mU/mg protein using ABTS as the substrate.
The UV−vis spectra of purified fmb-L103 (data not shown)

did not contain an absorption peak around 600 nm, which is
expected for the type 1 copper site found in most laccases. The
atomic absorption spectroscopy results suggested that 2.5 mol/
mol of copper was present in the purified fmb-L103, indicating
that fmb-L103 belonged to the nonblue laccase family. This
unusual laccase has been previously purified from other
microorganisms including Bacillus sp. ADR,20 Pleurotus

Table 1. Purification of the Laccase from Spores of Strain fmb-103

purification total activity (mU) total protein (mg) specific activity (mU/mg) recovery (%) purification (fold)

crude mixture (isolation from the spores) 12 454.8 487.2 25.6 100 1
(NH4)2SO4 (30−80%) 9335.5 173.1 53.9 74.9 2.1
DEAE-Sephadex A-50 6607.2 41.1 160.8 53.4 6.3
Sephadex G-100 3665.9 9.4 389.9 29.4 15.2
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ostreatus,21 and Trametes hirsute.22 Compared with blue
laccases, there are some differences in the catalytic reaction of
nonblue laccases,22 although further studies are needed to
define the mechanism.
Effect of Temperature on fmb-L103 Activity and

Stability. The effects of temperature on the purified fmb-L103
are shown in Figure 2a. The fmb-L103 was active in the

temperature range 25−90 °C, with a maximum activity at 82
°C. The residual activities of fmb-L103 incubated for 0−10 h at
different temperatures (70, 80, 90 °C) are shown in Figure 2b.
The half-life of fmb-L103 was about 10, 4, and 1.2 h at 70, 80,
and 90 °C, respectively. These results showed that fmb-L103
had greater thermal stability compared with most fungal
laccases such as Paraconiothyrium variabile9 and Cladosporium
cladosporioides.10 The thermal stability of the fmb-L103 laccase
is even better than the laccase from other Bacillus sp. strains
such as B. subtilis,14 Bacillus sp. ADR,20 and Bacillus licheniformis
LS04.17 Like the spore laccase, fmb-L103 activity was also
accelerated after preincubation at high temperature compared
with the nonpreincubated samples (Figure 2b). The activity of

fmb-L103 increased above 280% after 30 min incubation at 70
°C and increased by nearly 260% after 10 min at 80 °C.
Compared with the spore laccase, the optimum temperature

of fmb-L103 decreased at 3 °C (Figure 3a), and the thermal

stability also decreased (Figure 3b). This may be the result of
the spore lacking some protective substance, such as protein
and/or polysaccharide, which may have been lost during the
purification, although this hypothesis needs to be confirmed.

Effect of pH on fmb-L103 Activity and Stability
(Figure 3). The fmb-L103 can oxidize ABTS in acid conditions
from pH 2.2 to 7.0 with an optimum pH of 4.8, similar to most
fungal (pH2.0−5.0)11 and Bacillus sp. (pH 4.2)23 laccase
(Figure 3a). For the oxidation of syringaldazine, similar to other
bacterial laccases,24 the catalysis pH range of fmb-L103 was 7.0
to 9.0, and the optimum pH was 7.4. Thus, similar to fungal9,10

and bacterial laccases,25 fmb-L103 was stable at both acidic and
alkaline pH conditions (Figure 3b). The relative activity was
40%, 80%, and 85% at pH 3, pH 7, and pH 8 after 10 days,
respectively.
Compared with the spore laccase, the optimum pH for

catalysis of ABTS shifted to alkaline conditions and the pH
stability also decreased by a small amount. The absence of
protective substances, removed during purification, may also
account for these results as well as the variations in the thermal
stability.

Effects of Inhibitors and Metal Ions on fmb-L103
Activity. The effects of several laccase inhibitors were
determined with ABTS as a substrate (Table 2). Similar to
the spore laccase, the activity of fmb-L103 was absolutely
inhibited by NaN3, L-cysteine, and dithiothreitol. SDS slightly
inactivated the enzyme (>40% inhibition) at 1 mM, while 5
mM EDTA resulted in greater inhibition (>85%). NaCl
decreased fmb-L103 activity to 50.7% and 20.5% of its original
activity in the presence of 500 and 1000 mM NaCl,
respectively.
The effects of several metal ions on fmb-L103 activity at a

final concentration of 5 mM are shown in Table 3. It is
noteworthy that the addition of Cu2+ into the reaction mixture
stimulated fmb-L103 activity, increasing it by approximately

Figure 1. (a) SDS-PAGE of the crude mixture and the purified fmb-
L103: 1, crude mixture; 2, purified fmb-L103; M, molecular mass
marker. (b) Activity staining with guaiacol after PAGE under
nondenaturing conditions.

Figure 2. Effect of temperature on activity (a) and stability (b) of fmb-
L103 and the spore laccase with ABTS as the substrate at pH 4.4. (a)
Laccase activity was measured at different temperatures (25−90 °C);
(b) residual activity was measured after incubation for 0−10 h.

Figure 3. Effect of pH on activity (A) and stability (B) of fmb-L103
and the spore laccase at 45 °C. (A) ABTS, pH 2.2−7.0; syringaldazine,
pH 7.0−9.0; (B) ABTS, pH 3.0; syringaldazine, pH 7.0 and 8.0.
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60% compared with the control. Similar results were reported
by Chakroun,8 likely as a result of filling the type-2 copper
binding sites with copper ions.26 The presence of Ca2+, Mg2+,
and Mn2+ in the reaction mixture appeared to slightly enhance
the enzyme activity. Partial inhibition (2−3% inhibition) was
observed in the presence of Fe2+ and K+, and the strongest
inhibitory effect was obtained for Zn2+.
Kinetic Constants for fmb-L103. Several conventional

substrates of laccase such as ABTS, 2-DMP, SGZ, and guaiacol
were oxidized by fmb-L103. The Km’s were 22.7, 476.8, 357.9,
and 1062.4 μM for ABTS, 2-DMP, SGZ, and guaiacol,
respectively. ABTS was the most suitable substrate for fmb-
L103, with the lowest Km and a Vmax of 3.32 μmol/mL/min.
Interestingly, laccase purified from Bacillus sp. ADR cannot
oxidize ABTS.20 Compared with fungal laccase, such as those
from Lentinula edodes26 and Paraconiothyrium variabile,9 the Km
value of fmb-L103 with respect to the substrate ABTS is lower
and similar to that of Trametes sp. A28227 and Cladosporium
cladosporioides.10 These results indicate some variations in
substrate specificities among the laccases from different species
and will only be clarified upon further investigations into the
catalysis mechanisms of fmb-L103.
Degradation of MG by fmb-L103. The application of

laccases for dye degradation has been reported previously,12 but
there were no reports on its use for the degradation of MG. In
this study, three mediators, ABTS, acetosyringone, and
syringaldehyde, were used to degrade MG as suggested
previously.25 The degradation of MG with laccase is shown

in Figure 4. When only laccase was present, the degradation
efficiency was not more than 10% (Figure 4A). In the presence

of ABTS, acetosyringone, or syringaldehyde, the degradation
was obviously improved, with the efficiency reaching 79.6%
when combined with ABTS.
The effect of pH on the degradation efficiency was also

tested, and the degradation efficiency improved as the pH
increased from approximately 4.0 to 6.0 (Figure 4A). The
highest degradation efficiency was 79.6% with ABTS at pH 6.
The kinetics of the MG degradation process are shown in

Figure 4B. More than 70% of the added MG disappeared
within 24 h, and almost no MG could be detected in the
mixture at the 48 h time point.

Table 2. Effects of Inhibitors on fmb-L103 Activity

inhibitor concentration (mM) relative activity (%)a

none 100.00
SDS 0.1 89.3 ± 2.07

0.5 70.2 ± 1.98
1 58.3 ± 3.23

L-cysteine 0.1 0
0.5 0

dithiothreitol 0.1 0
0.5 0

NaN3 0.1 0
EDTA 0.5 85.4 ± 3.32

2.5 47.5 ± 3.42
5 13.2 ± 1.06

NaCl 100 90.3 ± 2.12
500 50.7 ± 2.04
1000 20.5 ± 1.20

aValues represent the means ± SD (n = 3) relative to the untreated
control samples.

Table 3. Effects of Metal Ions on fmb-L103 Activity

metal ions relative activity (%)a (for fmb-L103)

control 100
Cu2+ 158.6 ± 5.4
Ca2+ 115.6 ± 3.1
Mn2+ 108.7 ± 2.6
Mg2+ 106.8 ± 2.7
Fe2+ 98.5 ± 1.7
K+ 97.4 ± 1.6
Zn2+ 10.9 ± 0.7

aValues represent the means ± SD (n = 3) relative to the untreated
control samples.

Figure 4. (A) Effects of mediators and pH on the decolorization of
MG: (a) laccase + dye; (b) laccase + ABTS + dye; (c) laccase +
syringaldehyde + dye; (d) laccase + acetosyringone + dye. (B) Kinetics
of MG degradation by fmb-L103. (C) (I) Wavelength scan of MG
before and after decolorizing; dotted line for the MG untreated by
fmb-L103, solid line for MG catalyzed by fmb-L103; (II) characteristic
peak of MG (a) and LMG (b); dotted line for the MG, solid line for
LMG.
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Full wavelength scans of the reaction products from the MG
degradation catalyzed for 24 h by fmb-L103 were performed
and compared with the control samples obtained in the absence
of enzyme catalysis. The relative maximum absorption of the
enzymatically treated samples indicated that at least one peak
had disappeared (Figure 4C). These results illustrated that MG
was catalytically degraded.
As shown in Figure 4C, although the values from 200−400

nm increased, no obvious characteristic peak of LMG appeared,
and the Elisa results showed that there was no LMG detected
during the MG degradation process. We conferred that the
increased values from 200−400 nm were affected by the added
laccase and ABTS and/or other catalyzed products. Some
strains have been reported to degrade MG, and triphenyl-
methane reductase has been shown to be responsible for the
degradation of MG to LMG in many strains.28 In this study, the
absence of the appearance of LMG implied that fmb-L103
catalyzed a novel degradation pathway. Further studies are
needed to identify the decomposed substances and clarify the
catalytic mechanism of fmb-L103.
In conclusion, in this study, the laccase fmb-L103 was

purified from the spores of the B. vallismortis fmb-103 strain.
fmb-L103 is temperature and pH stable and belongs to the
nonblue laccase family. The ability of fmb-L103 to degrade MG
without producing LMG makes it a candidate for potential
applications in the bioremediation of wastewater in the
aquaculture industry.
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