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Abstract Malachite green (MG), a recalcitrant, carcinogenic,
and mutagenic triphenylmethane dye, was decolorized and
detoxified using crude manganese peroxidase (MnP) prepared
from the white rot fungus /rpex lacteus F17. In this study, the
key factors (pH, temperature, MG, Mn?>", H,O,, MnP) in
these processes were investigated. Under optimal conditions,
96 % of 200 mg L' of MG was decolorized when
66.32 U L' of MnP was added for 1 h. The K., Vinax, and
keat values were 109.9 pumol L1528 pmol L ' min!, and
44.5 57!, respectively. The decolorization of MG by MnP
followed first-order reaction kinetics with a kinetic rate con-
stant 0f 0.0129 h™'. UV—vis and UPLC analysis revealed deg-
radation of MG. Furthermore, seven different intermediates
formed during the MnP treatment of 0.5 h were identified by
LC-TOF-MS. These degradation products were generated via
two different routes by either N-demethylation of MG or the
oxidative cleavage of the C—C double bond in MG. Based on
ecotoxicity analyses performed on bacteria and algae, it was
confirmed that MG metabolites produced by the MnP-
catalyzed system were appreciably less toxic than the parent
compound. These studies indicate the potential use of this
enzyme system in the clean-up of aquatic and terrestrial
environments.
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Introduction

Malachite green (MG), a triphenylmethane dye, is wide-
ly used in the silk, wool, jute, cotton, paper, and acrylic
industries, and as an ectoparasiticide in the aquaculture
industry, as a food additive, and a medical disinfectant
(Srivastava et al. 2004). However, this compound has
become highly controversial, based on the significant
risk it poses to a variety of aquatic and terrestrial ani-
mals. Subacute (0.10 mg L™') and sublethal
(0.05 mg L") concentrations of MG can cause decrease
in serum calcium and protein levels of fishers after only
a short-term exposure (10~20 days) (Srivastava et al.
1995) and it is highly toxic to mammalian cells at a
concentration as low as 0.1 mg mL™' (Clemmensen
et al. 1984). Further, several studies have shown that
ingestion of this dye reduces fertility and leads to mu-
tagenic, carcinogenic effects on human and other ani-
mals (Chaturvedi et al. 2013). Moreover, MG is envi-
ronmentally persistent. When released into water bodies,
MG can lead to a reduction in sunlight transmission,
which in turn decreases both photosynthetic activity
and dissolution of oxygen concentration thereby affect-
ing aquatic biota in the habitat (Gokulakrishnan et al.
2012). Therefore, effective removal of MG from water
bodies is crucial.

Although several physical-chemical technologies such as
adsorption, oxidation by hydrogen peroxide and ozone, and
electrolysis have been used for the removal of color from
wastewater, these strategies are costly, less efficient or
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produce secondary pollution (Ju et al. 2008). Biological treat-
ment is promising mainly due to its eco-friendly, relatively
efficient, and security properties (Du et al. 2013). Different
groups of microorganisms such as bacteria, for example
Kocuria rosea (Parshetti et al. 20006), yeast Saccharomyces
cerevisiae (Jadhav and Govindwar 2006), fungi Fomes
sclerodermeus (Papinutti and Forchiassin 2004), Penicillium
ochrochloron (Shedbalkar and Jadhav 2011), and Coriolopsis
sp. (Chen and Yien Ting 2015) all decolorize MG via
biosorption and/or various decolorizing enzymes. In contrast
to treatment which uses microorganisms directly, in vitro treat-
ment with cell-free enzymes has many advantages, such as the
ability to operate in a wide range of compound concentrations,
pH values, temperatures, and salinity without adapting to the
biomass, and avoids long incubation processes and
biosorption effects. Furthermore, the degradative ability of
enzymes may not be affected by toxic compounds which
could inhibit cellular systems (Contreras et al. 2012).
Therefore, treatment with cell-free enzymes is a simpler and
more effective technique (Karam and Nicell 1997).

Manganese peroxidase (MnP, EC 1.11.1.13) is an im-
portant extracellular ligninolytic enzyme, and is isolated
from many species of white rot fungi, which normally
grow on dead wood causing white rot (Tamagawa et al.
2005; Mohammadi and Nasernejad 2009). In the catalytic
cycle of heme-containing peroxidase, MnP can catalyze
the peroxide-dependent oxidation of Mn>* to Mn®" which
is stabilized by organic acids in aqueous solution. The
Mn**—organic acid complex acts as a diffusible redox-
mediator that has a low molecular weight and is highly
active, which in turn oxidizes a variety of monomeric phe-
nols including dyes as well as phenolic lignin model com-
pounds (Wong 2009). Recently, MnP was shown to de-
grade triclosan (Inoue et al. 2010) and natural rubber
(Nayanashree and Thippeswamy 2015), and decolorize dif-
ferent structural classes of dyes such as the indigo dye,
indigo carmine (Li et al. 2015a), the azo dye, Remazol
Brilliant Violet SR, the anthraquinone dye, Remazol
Brilliant Blue R, and the triphenylmethane dye, methyl
green (Qin et al. 2015). However, few studies have exam-
ined the degradation products of dyes and proposed a deg-
radation pathway for catalysis by MnP.

The aim of this study was the development of a decoloriza-
tion system based on the use of crude MnP from Irpex lacteus
F17 for the degradation and detoxification of the triphenylmeth-
ane dye, MG. Therefore, systematic research was carried out to
evaluate the influence of reaction parameters (pH, temperature,
MG, Mn*", hydrogen peroxide (H,0,), MnP) on the decolori-
zation efficiency of MG. The kinetics of MG decolorization, the
primary metabolic pathway during the degradation process, and
the toxic effects of MG before and after MnP treatment using
test organisms ranging from prokaryotic bacteria to eukaryotic
algae were also investigated.
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Materials and methods
Chemicals

MG oxalate (Cs,Hs4N4O15, purity 95 %) was purchased from
Aladdin Industrial Corporation (Shanghai, China). Figure 1
shows the chemical structure of this dye. Other analytical re-
agents including veratryl alcohol and 2,2’-azino-bis (3-ethyl-
benzothiazoline-6-sulfonate) (ABTS) were obtained from
Sigma—Aldrich (St. Louis, USA). HPLC-grade ammonium
acetate, acetic acid, and acetonitrile were supplied by Merck
(Darmstadt, Germany).

MnP production and preparation

MnP was obtained from Irpex lacteus F17 which was isolated
in our laboratory from a decayed wood chip pile in the vicinity
of Hefei, China, and was stored in the China Center for Type
Culture Collection (CCTCC AF 2014020). For MnP prepara-
tion, 7. lacteus F17 was cultivated in a solid-state fermentation
medium as described previously (Zhao et al. 2015). The cul-
tures were harvested when the maximum MnP activity was
detected at 84 h, filtered, centrifuged at 7,500 rpm for 30 min
at 4 °C to remove solid-state medium, frozen, defrosted, and
the precipitated polysaccharides removed by centrifugation.
The supernatant was then concentrated using an ultrafiltration
stirred cell apparatus (Model 8400, Millipore Corporation,
Billerica, Massachusetts, USA) and a YM 10 membrane (mo-
lecular cutoff of 10 kDa). The concentrate was used as a crude
enzyme preparation for subsequent research. The purified
MnP preparation for the decolorization experiments was pre-
pared as described by Zhao et al. (2015).

Enzyme assays

The activities of MnP, lignin peroxidase (LiP), and laccase

(Lac) were assayed using the methods described in our previ-

ous studies (Zhao et al. 2015). Mn>", veratryl alcohol, and

ABTS were used as the corresponding substrates for MnP,

LiP, and Lac oxidation, respectively. One unit of enzyme ac-

tivity (U) was defined as the amount of enzyme oxidizing
OH
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1 wmol of substrate per minute. All the enzyme activity assays
were carried out at 25 °C and run in triplicate.

Decolorization experiments

Decolorization assays were performed in 50 mM sodium
malonate buffer in 15 mL tubes with a 4 mL reaction volume.
Various parameters affecting the decolorization of MG were
investigated, including pH (3, 3.5, 4, 4.5, 5, 5.5, and 6), tem-
perature (25, 30, 35, 40, 50, 55, 60, and 70 °C), initial dye
concentration(100, 200, 250, 300, 400, and 500 mg Lfl),
MnSO, concentration (0.1, 0.25, 0.5, 1.0, 2.0, 3.0, and
4.0 mM), H,0, concentration (0.01, 0.025, 0.05, 0.1, 0.15,
0.2, 0.3, and 0.4 mM), and enzyme concentration (11.1,
33.16,44.22, 66.32, 88.43, and 110.54 U L™"). Controls were
prepared with the same amount of heat-inactivated crude
enzyme.

The decolorization of MG was measured spectrophotomet-
rically at the absorbance maxima of the dye (. =618 nm)
after 1 h of treatment. Each experiment was performed in
triplicate. The decolorization percentage was determined as
follow:

Ao—A,

Decolorization(%) = A x 100 (1)

where A4, refers to the initial absorbance at 618 nm and 4,
refers to the absorbance at 618 nm at reaction time ¢,
respectively.

Enzymatic decolorization kinetics
Determination of the kinetic parameters of MnP

The Michaelis—Menten model equation has been widely used
to understand the isothermal kinetics of substrate conversion
by enzymes. The Michaelis—Menten constants (K, and V;p,ax)
were obtained by linear regression analysis of the double re-
ciprocal Lineweaver—Burk plot (Eq. (2)), using MG as the
substrate at various concentrations (50-200 mg L ™).

7o (v @

where S is the MG concentration (in milligram per liter), V) is
the MG decolorization rate in the first 5 min (in milligram per
liter per minute), V.« is the maximum MG decolorization rate
(in milligram per liter per minute), and K, is the half-
saturation constant (in milligram per liter).

The turnover number (k.,; value) was calculated as Vi,../
enzyme protein concentration.

Determination of decolorization reaction order

Under an optimal decolorization system, regression analysis
based on the zero-, first-, and second-order reaction kinetics
for MG decolorization was conducted. According to the report
by Das et al. (2010), the kinetics of MG decolorization can be
described by the following equations:

C, = Co— kot (3)
C, = Coe ! (4)
11

4yt 5
c o R ()

where C, is the concentration of MG at reaction time ¢ (in
milligram per liter), Cy is the initial concentration of MG (in
milligram per liter), ¢ is the incubation time (in minute), and ko,
k1, and k, are the zero-, first-, and second-order rate constants,
respectively.

Degradation analysis

For UV-vis spectral analysis, MG treated with crude MnP at
various time periods (0, 5, 10, 15, 20, 25, 30, 40, 50, and
60 min) was scanned at wavelengths ranging from 200 to
700 nm using a UV-vis spectrophotometer (Beckman
Coulter DU730, Germany).

For ultra-high performance liquid chromatography
(UPLC) and liquid chromatography/time-of-flight/mass spec-
trometry (LC-TOF-MS) analyses, 20 mL of reaction solution
was extracted using dichloromethane, and concentrated to
1 mL. UPLC analysis was performed with an UPLC system
(Nexera UPLC LC-30A, Shimadzu, Japan), comprising a
Shimadzu Shim-pack XR-ODS III (75 Lx2.0 L.D., 1.6 um)
and a SPD-M20A Prominence diode array detector. The mo-
bile phase was 50:50 (v/v) acetonitrile: 5 mM ammonium
acetate, at a flow rate of 0.3 mL min '. The detection wave-
lengths were 618 and 360 nm. MG metabolites were analyzed
by LC-TOF-MS (Acquity Ultra Performance LC LCT
Premier XE, Waters, Milford, MA, USA) in positive ion mode
with a reverse-phase TC C-18 (2) analytical column
(250 mmx4.6 mm 1.D., 5 um, Agilent Technologies,
Netherlands). The eluent was 0.2 vol% formic acid in water

and acetonitrile (50:50 v/v), at a flow rate of 1.0 mL min .

Ecotoxicity tests

The toxicity of MG before and after treatment was evaluated
by two bioassays, which included the bacteria Escherichia
coli (ATCC 25922), Proteusbacillus vulgaris (NICPBP
49027), Staphylococcus aureus (ATCC 25923), and Bacillus
subtilis (ATCC 6633), and the green algae Chlorella vulgaris
and Scenedesmus obliquus. In order to eliminate the effect of
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acidic pH on the growth of organisms, the pH values of sam-
ples were adjusted to 7.0.

Bacteria toxicity study

A bacteria toxicity study of MG before and after MnP treat-
ment was evaluated by a bacterial growth inhibition test using
two gram-negative bacterial strains (E. coli and P. vulgaris),
and two gram-positive bacterial strains (S. aureus and
B. subtilis) according to Palmieri et al. (2005) with slight
modifications. Samples (4.5 mL) obtained before and after
enzymatic treatment of MG (final concentration of
200 mg L") were added to 0.5 mL of 10 x Luria-Bertani
(LB) medium, respectively, followed by the addition of bac-
terial cells (final ODgoo=0.1) and incubated at 37 °C. Samples
withdrawn from each test tube were measured at 600 nm every
2 h for 10 h. A negative control containing nutrient solution
only was included for each experiment. The percentage of
growth inhibition (GI%) was calculated using the following
formula:

OD.—ODy
— X

GI(%) = —o5

100 (6)
where ODj is the optical density of the sample at 600 nm and
OD. is the optical density of the control at 600 nm.

Algal toxicity study

Cellular growth of the green algae C. vulgaris and S. obliquus,
which were cultivated in BG11 medium (Feng et al. 2011) was
determined. The medium was mixed with the samples of dye
solution (final concentration of 100 mg L") prior to inocula-
tion of green algal cells (final ODggs=0.01) and then incubat-
ed for 96 h at 25 °C under an illumination of 3,000 Ix with a
light/dark cycle of 14: 10 h. The flasks were shaken by hand
for 1 min, three times a day, to avoid cell adherence. A nega-
tive control containing nutrient solution only was prepared.
Algal cell numbers and the maximum absorbance
(Amax =685 nm) in the visible range are highly correlated
(Ma et al. 2002); therefore, the percentage of algal growth
inhibition (GI%) was measured at 685 nm using the following
formula:

OD.—ODy
— X

GI%) =~

100 (7)
where OD is the optical density of the sample at 685 nm and
OD.. is the optical density of the control at 685 nm.

The median effective concentration (ECs) for inhibition of
cell growth was also calculated over a 96-h time period using
linear regression analysis of transformed MG concentration as
natural logarithm data versus percentage growth inhibition to
evaluate MG toxicity in the test organisms.

@ Springer

Statistical analysis

The data are reported as mean + standard deviation. All statis-
tical analyses were carried out using the SPSS v. 15.0 statisti-
cal software (SPSS Inc., Chicago, lllinois, USA). Statistical
differences between mean values were calculated using one-
way analysis of variance (ANOVA). Probability values <0.05
were considered significant.

Results and discussion
Decolorization of MG by MnP
Decolorization of MG by crude enzyme

The crude enzyme solution from /. lacteus F17 showed a MnP
activity of 923.1+29.5 U L™, while the activity of LiP and
Lac was 28.7+2.8 and 11.9+0.8 U L™, respectively. To ex-
amine the possibility that dye decolorization was due to the
role of LiP or Lac, MG decolorization experiments using the
crude enzyme were conducted in the absence of Mn>" or both
Mn®" and H,0,. The decolorization percentage of MG was
reduced from 81.9 to 7.7 % in the absence of Mn*" and to 0 %
in the absence of both Mn** and H,0,. These results sug-
gested that MnP was the dominant component in the crude
enzyme and in the decolorization of MG.

Comparison of MG decolorization by purified and crude MnP

With the decolorization system of 200 mg L' MG at a pH of
3.5 and a temperature of 40 °C, the decolorization of MG by
purified and crude MnP was compared (Fig. 2).
Decolorization was 90.3 and 87 % with purified and crude
MnP, respectively, following 50-min reaction time. These re-
sults indicated that the decolorization of MG was not obvious-
ly different between purified and crude MnP. The use of

O Purified MnP
—e— Crude MnP

Decolorization (%)
S
-

0 10 20 30 40 50
Time (min)
Fig. 2 Comparison of 200 mg L' of MG decolorized by purified and
crude MnP at various time periods. Error bars correspond to standard
deviation of three samples
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purified MnP for decolorization is not applicable on a large
scale due to its high cost related to enzyme purification. Thus,
crude MnP to decolorize MG may be a good choice, as it is
obtained by a simple and low cost preparation process.
Therefore, decolorization of MG was further studied using
crude MnP from 1. lacteus F17 and the effects of key factors
on dye decolorization were examined.

Effects of key factors on dye decolorization

Effect of pH

To determine the effect of pH on decolorization, the buffer
used was 50 mM sodium malonate for pH values between
3 and 6. Figure 3a shows that pH significantly influenced
the decolorization of MG by crude MnP, with greatest
decolorization (92.1 %) at pH 3.5 after 1-h reaction time.
When the pH was set below 3.0, the decolorization effi-
ciency decreased rapidly to 28.5 %. Thus, pH 3.5 was
chosen for the decolorization of MG.

In the study conducted by Yu et al. (2006), the optimal pH
value was 2.9 for decolorization of the azo dye, reactive bril-
liant red K-2BP, by crude MnP. Low pH is favorable for MnP
decolorization due to the increased redox potential of the ox-
idized heme (Petruccioli et al. 2009). However, at lower pH,
dye decolorization percentage declined sharply, which may
have been due to the solvated proton of H,O, forming stable
H;0," presumably resulting in reduced activity of H,O, with
the enzyme (Zhang et al. 2012). On the other hand, at higher
pH values, H,O, undergoes self-decomposition leading to
loss of its oxidation power (Shemer and Linden 2006).

Effect of temperature

The decolorization process was carried out at various temper-
atures (25, 30, 35, 40, 50, 55, 60, and 70 °C). As seen in
Fig. 3b, the decolorization percentage remained high in the
range of 35-50 °C and decolorization was optimal (96.4 %)
at 40 °C.

The temperature effect on MG decolorization was related to
the temperature dependence of enzyme activity. In our previous

Fig. 3 Influence of a pH, b 100
temperature, ¢ initial MG (a)
concentration, d Mn>" 804
concentration, e H,O,
concentration, and f MnP
concentration on MG
decolorization by crude MnP.
Experimental conditions: a
[sodium malonate

buffer] =50 mM,
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study (Zhao et al. 2015), MnP from I lacteus F17 was stable
and retained its activity at temperatures up to 55 °C. Therefore,
at the temperature range of 35-50 °C, the decolorization rate
was high due to favorable enzyme-catalyzed reactions.

Effect of initial dye concentration

As shown in Fig. 3c, in the concentration range of 100—
200 mg L' of MG, high decolorization (96.3 to 93.4 %)
was observed after 1 h of enzymatic reaction. With increasing
MG concentration, i.e., 200-500 mg L', a significant de-
crease (93.4 to 38.3 %) in dye decolorization was observed.
To better understand this behavior, decolorization was carried
out at MG concentrations of 300 and 400 mg L™, by increas-
ing the initial amount of MnP, Mn?*, and H,0,, respectively,
in the decolorization reaction system. The results indicate that
the decolorization efficiency of MG increased only with an
increasing concentration of H,O, (from 0.1 to 0.2 mM), and
was not affected by the addition of MnP or Mn®" (data not
shown). Thus, it can be suggested that the low decolorization
efficiency could be attributed to the insufficient concentration
of H,0, at MG concentrations greater than 300 mg L™'. A
case like this has been reported by Yu et al. (2006).
Consequently, the MG concentration of 200 mg L™ was the
best choice for subsequent decolorization experiments.

Effect of Mn®" concentration

The effect of Mn®" concentration was determined using the
range of 0.1-4.0 mM. As seen from Fig. 3d, the decolorization
percentage was stable when the concentration of Mn®" reached
2.0 mM, with a maximal MG decolorization of 94.9 %. Thus, a
Mn** concentration of 2.0 mM was optimal for the decoloriza-
tion of MG at an enzyme concentration of 90.1 U L™".

Effect of H,O, concentration

The effect of HO, concentration was studied at values ranging
from 0.01 to 0.4 mM when the initial concentration of MG was
200 mg L. Figure 3¢ shows that the decolorization percentage
reached 93.6 % in the presence of 0.1 mM H,O, after 1-h
reaction time and remained at a high and stable level when the
H,0, concentration was between 0.1 and 0.3 mM. Dye decol-
orization decreased markedly to 24.2 % when the H,O, concen-
tration was 0.4 mM. To ensure both high decolorization
efficiency and less consumption of H,0,, a H,O,
concentration of 0.1 mM was used.

H,0; plays a pivotal role in the catalytic cycle of MnP. Similar
results were reported by Yu et al. (2006) who proposed that the
greatest decolorization of Reactive brilliant red K-2BP by crude
MnP occurred at a H,O, concentration of 0.2 mM and decolori-
zation decreased sharply and was zero with the addition of
0.4 mM H,0,. The catalytic cycles of ligninolytic peroxidases

@ Springer

consist of a two-electron oxidation of the native ferric enzyme to
compound I by H,O, and two single-electron reductions via an
intermediate compound I to its resting state by appropriate reduc-
tion of substrates (redox mediators or target compounds) (Wen
et al. 2010). With excess H,O,, compound II is converted to
compound III which in turn converts H,O, to a hydroxyl radical.
Subsequently, the hydroxyl radical may attack the tetrapyrrol
structure of the heme group leading to inactivation of enzymes
such as cytochrome P450, horseradish peroxidase, and
chloroperoxidase (Torres et al. 2003; Park and Clark 2006 ).

Effect of enzyme concentration

The effect of enzyme concentration on MG decolorization
was studied in the range of 11.1-110.54 U L™". The relation-
ship between dye decolorization and enzyme concentration is
presented in Fig. 3f. The decolorization percentage increased
quickly with MnP concentration up to 44.22 U L™'. MG was
decolorized to an almost constant level (around 96 %) after 1 h
of treatment at MnP concentration values higher than
66.32 U L™". Thus, it is recommended that enzyme concen-
tration of 66.32 U L' is used to obtain efficient
decolorization.

Effect of reaction time

After optimization of key parameters, the optimal MnP-
catalyzed system, including 200 mg L' MG, 66.32 U L™
crude MnP, 0. mM H,0,, and 2.0 mM Mn**, 50 mM
sodium malonate (pH 3.5), and a temperature of 40 °C,
was very efficient for the decolorization of MG, in which
the dye solution rapidly became colorless within the first
1 h (Fig. 4). The decolorization efficiency reached 96 %
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Fig. 4 MnP-catalyzed decolorization of MG under optimal conditions at

various time periods and the change in color of MG samples was shown
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within 1 h and 100 % within 5 h. MG decolorized by MnP
was compared with other reports on MG decolorization.
Saravanakumar et al. (2013) reported that 100 mg L™ of
MG catalyzed by MnP isozyme H4 was completely decolor-
ized after 6 h. Yang et al. (2015) reported that 91.6 % of
109.9 mg L™ of MG was decolorized when added to 2.8 U
mL™" of Lac after 172.4 min of treatment.

Decolorization Kinetics

The kinetic constants of MnP-catalyzed MG decoloriza-
tion under optimal conditions were determined based on
the double reciprocal Lineweaver—Burk plots. The con-
stants obtained were K,,=109.9 pmol L™' and
Viax=152.8 umol L' min~'. The k., value was
44.5 s~'. Furthermore, the catalytic efficiency expressed
as kq,/ Ky, for MG was 404.9 (mmol)71 Ls . According to
the results of Yang et al. (2015), the K, and k., values of
Lac from white rot fungus Cerrena sp. for MG were
781.9 mM and 9.5 s, respectively. Hence, the affinity
and catalytic efficiency of MnP in our study for MG was
superior to that of Lac from Cerrena sp. Fig. 5 shows the
zero-, first-, and second-order reaction kinetics for MG
decolorization under optimal conditions after 1-h reaction
time. The results indicated that the kinetic data for decol-
orization fitted Eq. (4), as R*> of the model was 0.9849,
while it was only 0.7941 and 0.9464 for the zero- and
second-order models, respectively. Therefore, the decolor-
ization of MG by crude MnP was well described by the
first-order model with the kinetic rate constant of
0.0129 h™'. Similar results were reported by Zhao et al.
(2013) where the degradation of MG followed a first-order
kinetic model in a photocatalytic reaction at a MG con-
centration of 20 mg L', whereas Kusvuran et al. (2011)
and Li et al. (2015b) found that the degradation of MG
conformed to pseudo first-order kinetics by using ozoni-
zation process and simulated sunlight irradiation treatment
for initial MG concentrations of 1.82-0.30 mM and
10 mg L™, respectively.

Analysis of possible intermediates of MG degradation
by crude MnP

UV-vis spectral analysis

On the basis of the optimization concentration of MG, H,O»,
Mn?*, and crude MnP, the batch decolorization experiments
were conducted at a pH of 3.5 of 50 mM sodium malonate and
at a temperature of 40 °C, MG solution before and after de-
colorization were scanned by a UV—vis spectrophotometer.
The results are shown in Fig. 6 and partially enlarged absorp-
tion spectra (320-380 nm) are also shown in the inset of
Fig. 6. The characteristic peak of MG at 618 nm decreased
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Fig. 5 a Zero-, b first-, and ¢ second-order reaction kinetics for MG
decolorization under optimal conditions after 1 h of treatment
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Fig. 6 UV-vis spectral analysis of MG catalyzed by crude MnP at
various time periods and the absorption spectra enlarged within 320—
380 nm in the inset

@ Springer



9592

Environ Sci Pollut Res (2016) 23:9585-9597

gradually over time following decolorization by crude
MnP, with a blue-shift of the maximum absorbance peak
from 618 to 612 nm. Furthermore, the intensity of the
peak at 425 nm decreased, which indicated destruction
of the conjugated structure of MG. In contrast, the inset
in Fig. 6 shows that the intensity of peaks within 325-
375 nm increased. In addition, a significant peak with
an absorption maximum at 270 nm was observed.
According to previous reports, a complex formed by
Mn’** and malonate, with a peak at 270 nm (Boer
et al. 2006), was used to oxidize MG. As reported by
Murugesan et al. (2009), a blue-shift at approximately
618 nm indicated that the products of N-demethylation
of MG had formed, as N-demethylation products have
maximum absorbance wavelengths lower than those of
MG. Moreover, 4-(dimethylamino)benzophenone
(DLBP) was one of the main products following an
attack on the central carbon atom of MG, with obvious
absorbance at 360 nm (Ju et al. 2009).

UPLC analysis

After treatment with crude MnP for 0, 0.5, 1, 3, and 5 h, the
intermediates in the aqueous MG solutions were extracted and
analyzed by UPLC.

The chromatograms of UPLC recorded at 618 nm are
depicted in Fig. Sla. The peak at the retention time (zr) of
1.576 min was identified as MG which decreased rapidly
within 0.5 h and was not detected following incubation for
5 h. A weak peak with 7z =1.370 min was recorded at 618 nm
which may have been due to trace impurities. The addition of
crude MnP to MG resulted in a decrease in the intensity of this
peak. Another weak peak with g =1.104 min initially in-
creased and subsequently decreased.

The chromatograms of UPLC recorded at 360 nm are
depicted in Fig. S1b, which were used to analyze the prod-
ucts of oxidative cleavage of the C—C double bond in MG.
MG was degraded into a series of intermediates with
tg=0.926, 1.320, 1.389, and 2.293 min in UPLC

chromatography. A peak was also detected at
tr=4.138 min in the MG control, which was probably
due to an impurity.

LC-TOF-MS analysis

Following crude MnP treatment for 0.5 h, the intermediates
extracted from aqueous MG solutions were further identified
by LC-TOF-MS. The total ion chromatograms are displayed
in Fig. S2 and S3, and the main products are shown in Table 1.

According to the results of mass spectral analysis, we assigned
the following: (a) m/z=301 as (p-methylaminophenyl)(p-
methylaminophenyl)phenylmethylium (MM-PM); (b) m/
z=315 as (p-dimethylaminophenyl)(p-
methylaminophenyl)phenylmethylium (DM-PM); (c) m/z=329
as MG; (d) m/z=136 as dimethyl-(4-oxo-cyclohexa-2,5-
dienylidene)-ammonium; (e) m/z=150 as 4-
dimethylaminobenzaldehyde; (f) m/z=198 as 4-
aminobenzophenone; (g) m/z=212 as 4-(methylamino)-
benzophenone; (h) m/z=226 as DLBP. The interesting, but infre-
quent formation of protonated ions (M +CH;CN+H)" was ob-
served for several compounds (d-h). This phenomenon was di-
rectly related to the acetonitrile used as mobile phase in LC-MS
analysis. Furthermore, after crude MnP treatment for 5 h, MG,
DM-PM, and MM-PM were gradually degraded into infinitesi-
mal quantities, and the compounds, DLBP and 4-
dimethylaminobenzaldehyde initially increased and subsequent-
ly decreased. Also 4-(methylamino)benzophenone increased ini-
tially and decreased at 5 h when the abundance of 4-
aminobenzophenone sharply increased. In order to further verify
these compounds, DLBP and 4-dimethylaminobenzaldehyde
were identified with commercially available standards by a
HPLC-ESI-MS/MS technique (datanot shown). Unlike MG deg-
radation via the bacteria Shewanella (Chen et al. 2010),
Pseudomonas aeruginosa (Kalyani et al. 2012), Enterobacter
asburiae (Mukherjee and Das 2014), and the fungi Penicillium
pinophilum and Myrothecium roridum (Jasinska et al. 2012), this
MnP-catalyzed MG degradation did not detect leucomalachite
green (LMQG), the reduced form of MG, which is equally toxic

Table 1 Identification of the

intermediates of MnP-catalyzed Peaks Compounds Rention time (min) m/z

MG degradation by LC-MS
a (p-Methylaminophenyl)(p-methylaminophenyl)phenylmethylium 3.73 301
b (p-Dimethylaminophenyl)(p-methylaminophenyl)phenylmethylium 4.13 315
c MG 4.23 329
d Dimethyl-(4-oxo-cyclohexa-2,5-dienylidene)-ammonium 5.08 136
e 4-Dimethylaminobenzaldehyde 6.67 150
f 4-Aminobenzophenone 7.28 198
g 4-(Methylamino)benzophenone 10.92 212
h DLBP 17.29 226
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to triphenylmethane dye and was eliminated much slower
than the dye itself from the environment (Wu et al. 2011).
Therefore, the MnP-catalyzed degradation without the for-
mation of LMG was beneficial in MG detoxification.

Proposed MnP-catalyzed MG degradation pathway

On the basis of the intermediates identified by the above de-
tection methods, the possible pathway of MnP-catalyzed MG
degradation is described in Fig. 7.

Given the identification of dimethyl-(4-oxo-cyclohexa-2,5-
dienylidene)-ammonium (m/z 136) and DLBP (m/z 226) and
based on a previous report of ozone treatment of MG
(Kusvuran et al. 2011), the degradation in the present study

Fig. 7 The proposed MnP-
catalyzed MG degradation
pathway
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0 min, 10 min, 1 h and 5 h during 0-, 2-, 4-, 6-, 8-, and 10-h incubation. Error bars correspond to standard deviation of three samples

aminobenzophenone (m/z 198). DLBP (m/z 226) was also
degraded to 4-dimethylaminobenzaldehyde by the removal
of benzene. This is consistent with the study of Yang et al.
(2015), who reported that N-demethylation of DLBP was ob-
served in a stepwise manner, whereas Du et al. (2013) pro-
posed that DLBP was initially hydroxylated and successively
demethylated in a single step.

Given the identification of MM-PM and DM-PM, the deg-
radation could also be initiated by N-demethylation of MG.
Similarly, Murugesan et al. (2009) proposed that the degrada-
tion mediated by Lac started with three successive N-demeth-
ylation processes of MG, whereas Saravanakumaret et al.
(2013) reported that in the degradation of MG by MnP iso-
zyme H4, demethylated products were not detected.

In this study, after 0.5-h treatment, N-demethylated prod-
ucts of MG and cleavage products of the conjugated structure
of MG were all detected, which indicated that two types of
reaction may be two parallel degradation routes in MnP cata-
lyzed MG degradation. The N-demethylation and cleavage of
the conjugated structure of MG were described as the main
pathway in some reports. Cheng et al. (2004) proposed that
the degradation of MG started with cleavage of the central
carbon, followed by N-demethylation during visible light
photodegradation in the presence of H,O,. Berberidou et al.
(2007), in their study of sonolytic, photocatalytic, and
sonophotocatalytic reactions of MG, found that parallel and
competing pathways between N-demethylation reactions and
destruction of the conjugated structure.

Table 2 Dose-response
relationship of MG to C. vulgaris

and S. obliquus

Regression equation Significance level ~ Correlation coefficient ~ ECso (mg L)
C.vulgaris  *P=-233276+102.161InC  0.010 0.960 16.161
S. obliquus ~ *P=-204.767+80.127 InC ~ 0.000 0.995 24.023

# P percentage inhibition, C MG concentration
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It has been confirmed by our earlier study that MnP from
1L lacteus F17 has the ability to decolorize the polymeric mod-
el dye, Poly R-478, and the high redox potential azo dye,
Reactive Black 5 (Zhao et al. 2015; Chen et al. 2015). As
mentioned above, the MnP-catalyzed reaction is a redox pro-
cess consisting of the native ferric enzyme as well as the re-
active intermediates Compound I and Compound II, thereby
forming the catalytic cycle of MnP. The cycle reaction is ini-
tiated by binding of H,O, to resting MnP, and then chelates of
Mn>" cause one-electron abstraction from the aromatic ring of
substrates, producing aryl cation radicals. On the other hand,
there was a interaction reaction between chelates of Mn®" and
carboxylic acids, which are ultimately converted to alkyl rad-
icals and other radicals. These radicals can attack recalcitrant
aromatic structures, giving rise to diverging reactions
(Hofrichter 2002). In this study, an efficient reaction system
containing MnP from 7. lacteus F17, sodium malonate, Mn?"
and H,0, was found to catalyze C—C double bond cleavage,
N-demethylation, and C,-cleavage in the degradation of MG.
Thus, it is proposed that the degradation of MG catalyzed by
MnP may be via two different routes by either N-demethyla-
tion of MG or the oxidative cleavage of the C—C double bond
in MG. To our knowledge, this study reports for the first time a
degradation pathway of MG catalyzed by fungal MnP.
Nevertheless, a detailed work is still required to further eluci-
date the catalytic mechanism of the enzyme.

Toxicity of MG and its degradation products
Bacteria toxicity study

The toxicity of MG (final concentration of 200 mg L™") and the
intermediate products after treatment with MnP for 0 min,
10 min, 1 h, and 5 h was evaluated using E. coli, P. vulgaris,
S. aureus, and B. subtilis. As seen in Fig. 8, the growth curves of
the two gram-negative bacterial strains (E. coli and P. vulgaris)
and the two gram-positive bacterial strains (S. aureus and
B. subtilis) in the control medium and MG after MnP treatment
for 0 min, 10 min, 1 h and 5 h showed different slopes.
Furthermore, the longer the treatment time, the faster the growth,
and the lag phase was shortened. As expected, untreated MG
strongly inhibited the growth of E. coli, P. vulgaris, S. aureus,
and B. subtilis by 90, 86.5, 96, and 100 %, respectively, after a
10-h exposure period, which clearly showed that untreated MG
was toxic to the four bacterial strains. Following MG decolori-
zation for 10 min, 1 h, and 5 h, E. coli growth inhibition was
significantly decreased and was 51.1, 20.7, and 8.0 %, respec-
tively, and P. vulgaris growth inhibition was 33.2, 5.1, and
4.6 %, respectively, after a 10-h exposure period. Subsequent
to MG enzymatic treatment for 10 min, 1 h, and 5 h, S. aureus
growth inhibition was decreased and was 91.6, 87.9 and 0 %,
respectively, and B. subtilis growth inhibition was 98.0, 23.4,
and 12.9 %, respectively, after a 10-h exposure period. Variance

analysis demonstrated that the reduction in toxicity due to MnP
treatment was significant. Chen et al. (2010) reported that the
toxicity of MG (100 mg L") in E. coli decreased slightly after
decolorization or extended degradation by Shewanella
decolorationis NTOU1. Furthermore, Gokulakrishnan et al.
(2012) reported that 20 mg L™ of MG after treatment with
potassium persulfate for 60 min reduced the growth inhibition
by MG in E. coli.

Algal toxicity study

The dose-response relationship of MG with both C. vulgaris
and S. obliquusis shown in Table 2. The results showed that
the 96 h ECs for C. vulgaris and S. obliquus was 16.161 and
24.023 mg L', respectively. To show the effect of MG treat-
ment with crude MnP on algal growth, growth inhibition of
C. vulgaris and S. obliquus before and after enzymatic treat-
ment was evaluated. The reaction mixture of MG after 5 h of
treatment reduced the growth inhibition of C. vulgaris and
S. obliquus by 59.2 and 53.3 %, respectively.

Conclusions

The present study confirmed the decolorization, degradation,
and detoxification of MG by crude MnP. The conclusions are
summarized as follows:

1. Crude MnP from the white rot fungus, / lacteus F17, effi-
ciently decolorized the triphenylmethane dye MG. Under
optimal decolorization conditions consisting of 200 mg L™
MG, 66.32 U L' crude MnP, 0.1 mM H,0,, 2.0 mM
MnSQ,, and 50 mM sodium malonate buffer at a pH of
3.5 and a temperature of 40 °C, the decolorization efficiency
was approximately 96 % within 1 h.

2. The kinetics of MG decolorization by crude MnP follow-
ed a first-order model. The Michaelis-Menten constants
(K and Vi,.,) and the catalytic efficiency value (keo/Kim)
of MnP for MG were also calculated, which suggested
high affinity and high efficiency of the MnP-catalyzed
system.

3. Seven intermediates were identified using LC-TOF-MS
for MnP-catalyzed MG degradation, in which N-demeth-
ylation and oxidative cleavage of the C—C double bond of
MG was the main degradation mechanism, and a pivotal
intermediate, DLBP, decomposed to either
4-(methylamino)benzophenone through one pathway or
4-dimethylaminobenzaldehyde through another pathway.

4. After 5 h of MG decolorization, there was a greater than
90 % decrease in the growth inhibition percentage (GI%)
of the two gram-negative and two gram-positive bacterial
strains, and a 59.2 and 53.3 % reduction in the green algae
C. vulgaris and S. obliquus, respectively.
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