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Abstract Fungi play an important role in dying waste-
water treatment. In this work, the mycelia of Lactarius
deliciosus exhibited an excellent capacity in decolorizing
coomassie brilliant blue (CBB). The results demonstrated
that the mycelia could treat CBB with high concentrations
over a broad range of pH and temperature. The
decolorization rate of 99.19% and the removal rate of
16.31 mg-L'-h were realized. The mycelia could be
recycled from decolorizing process for 19 times, indicating
a good re-usability. It verified that the lignin peroxidase
(121.65 U-L™") and manganese peroxidase (36.77 U-L™)
were involved in the degradation and decolorization
process of CBB. Toxicity assessments indicated the seed
germination rate was up to 82.22% while inhibition to
Escherichia coli decreased dramatically and no significant
effect on Caenorhabditis elegans growth was found. The
removal of CBB was a synergistic process accomplished
by adsorption and biodegradation. The mycelia could be
used for eco-friendly CBB treatment.

Keywords fungus mycelia, biodegradation, extracellular
enzymes, coomassie brilliant blue, Lactarius deliciosus

1 Introduction

In recent years, with the booming industries of textile,
printing and dying, more than 100000 kinds of commercial
dyes have been explored for relevant purposes. However,
about 10%—15% of the dyes are discharged without proper
treatment during production and usage [1], which has
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caused huge pollution to the environment and has brought
significant health risks [2—4]. More than 700000 tonnes of
dye wastewater is produced each year, which contains a
variety of dyes (10-200 mg-L™") and some other organic/
inorganic chemicals [5]. Textile dyes in wastewater have
certain toxic effects on some plants’ germination while
influencing their total biomass [6]. Therefore, it’s urgent to
seek solutions for treating the dye wastewater.

According to their chemical structures, synthetic dyes
can be classified into azo dyes, triphenylmethane dyes,
anthraquinone dyes, heterocyclic dyes, indigo dyes and
aromatic methane dyes [7]. Among them, azo, anthraqui-
none and triphenylmethane dyes rank the top three in terms
of industrial production [8-10]. Triphenylmethane dyes
are a type of aromatic chemical colorants, in which the
central carbon atom is linked to three phenyl groups [11].
They have caused increasing environmental concerns due
to their potential toxicity to animals and humans [12]. For
example, direct contact of malachite green would irritate
skin painfully and exert permanent injury on human and
animal eyes [13]. Also, crystal violet dyes have been
confirmed to be toxic to mammalian cells, and could be
mutagen and mitotic poison to organisms [14]. Consider-
ing the wide use of dyes in textile, pharmaceutical,
cosmetic, leather and food industries, dying wastewater
has thus become one of the most common industrial
pollutant headstreams [15,16]. It contains both harmful
substances which hardly degrade in natural environment
and some dyes that may break down into secondary
pollutants undesirably [17]. Thus, there’s an urgent need to
address the issue.

At present, technologies used for dying wastewater
treatment fall into three categories: physical, chemical and
biological [18-22]. Traditional treatment includes coagu-
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lation, flocculation with lime, ozonation, oxidation,
electrolysis, adsorption on activated charcoal [23-26].
Overall, the physicochemical methods have several
limitations: (1) The economical infeasibility, i.e., they are
costly due to the consumption of much more energy and
chemical reagents [6]; (2) the inability to completely
remove some stubborn dyes or their organic metabolites
[4]; (3) the production of a large amount of sewage sludge
which can cause secondary pollution [27]; (4) the demand
for tertiary treatment like photochemical, ozonation
processes [28]; (5) the lack of efficiency in solving the
toxicity problem thoroughly [29]. Thus, considering the
strength of being environment-friendly, biological treat-
ments like microbial decolorization and degradation are
being studied by researchers [16,30,31]. In this treatment
process, microorganisms can adapt to the growing
environment containing waste dyes and convert them
into harmless metabolites by using certain types of
enzymes, such as ligninolytic enzymes, namely laccase,
manganese peroxidase (MnP) and lignin peroxidase (LiP)
[15,32].

By far, different kinds of bacteria, fungi and yeast
species have been found to be able to decolorize dyes
through bioadsorption and/or degradation [12]. Besides, it
has been confirmed that the white rot fungi are capable of
decolorizing textile dyes or colored effluents, such as
Trametes versicolor, Trametes hispida [33]. Coomassie
brilliant blue G-250 (CBB) is a triphenylmethane dye
originally used in the textile industry [34]. It’s also
commonly used for the analysis of staining proteins in
biochemical, pharmaceutical and medical researches [35].

In this work, a type of fungus Lactarius deliciosus
developed for decolorization of triphenylmethane dye was
discovered. The objectives of this study were to investigate
the potential of the obtained mycelia on decolorizing CBB
and to optimize parameters including dye concentration,
temperature, pH, agitation speed for a purpose of
improving CBB degrading efficiency and illuminating
the effects of main enzymes functioning during the
degradation process. The enzymatic activities of the
enzymes with varied pH at different temperatures were
investigated, and the kinetic parameters of the enzymes
were determined under optimal conditions. In addition,
fourier transform infrared spectroscopy (FTIR) and scan-
ning electron microscopy (SEM) analysis were used to
characterize the metabolites and observe the fungi
morphology variation. The fluorescent inverted micro-
scope, ultra-violet-visible (UV-vis) spectrophotometer and
thermal gravimetric analysis (TG/DTG) were used to
evaluate the dye decolorization properties. Meanwhile, the
toxicity of residual CBB dyes in solutions was evaluated
by phytotoxicity, microbial and Caenorhabditis elegans
assays. For a potential practical application, the successive
batched decolorization experiments of the mycelia were
also investigated.
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2 Experimental
2.1 Materials

The edible fungi fruiting bodies of the wild L. deliciosus
were sampled and purchased from Qianshan county,
Anqing city, Anhui province. The mycelia were activated
and cultivated from the fruiting bodies and purified with
plates for several times. Then the liquid fermentation of the
mycelia took place in the shakers for the subsequent
experiments. The mycelia were maintained on plates with
the potato dextrose agar media at 4 °C and were sub-
cultured every two weeks.

Caenorhabditis elegans (N2, wild type) were presented
by Professor Aifang Du from Zhejiang University. CBB
(C.1.42655) used in this study was purchased from Sigma,
Shanghai, China. 2,2-Azinobis (3-ethylbenzothiazolin-6-
sulfonic acid) (ABTS) and 3,4-dimethoxybenzyl alcohols
were obtained from Macklin Biochemical Technology
Company (Shanghai, China).

2.2 Cultivation of the mycelia

The mycelia pellets of L. deliciosus cultivated for CBB
removal experiments were carried out in erlenmeyer flasks
(250 mL) with the liquid culture media (LCM), which
contained 2.8% glucose (w/v), 0.4% KH,PO,4 (W/v), 0.2%
anhydrous MgSQ, (w/v), 0.4% yeast extract (w/v).

2.3 CBB decolorization experiments

The CBB dye removal experiments were conducted in
250 mL erlenmeyer flasks at 28 °C, 120 r-min'. The CBB
dye was dissolved in LCM (pH 5.0) at different
concentrations (25-800 mg-L™), then autoclaved at 121
°C for 20 min. The samples were collected at intervals of
12 h and centrifuged at 6000 r-min ' for 5 min. The CBB
contents in the supernatant were measured using a double
beam spectrophotometer (UV 1901, PERSEE, Beijing,
China) at 588 nm [3]. The percentage of CBB decoloriza-
tion rates were calculated using the following formula
[27,36]:

Decolorization (%) = (Cy—C,)/Cy x 100. (1)

The CBB removal rates (mg-L™'-h) were calculated using
the following formula [32]:

Rate of removal = (Cy—C,) /1, @)

where C, and C, represent dye concentrations (mg-L™)
before and after a certain process time ¢, respectively.

2.4 Effects of different parameters on CBB decolorization

2.4.1 Effects of static and shaking conditions

The effects of static and shaking conditions on the
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decolorization of CBB dye were investigated in erlen-
meyer flasks containing 120 mL of LCM with sterilized
CBB dye of 50 mg-L™. The mycelia were incubated
respectively into the sterilized LCM containing CBB
and cultured under shaking conditions (0, 90, 120, 150,
180 r-min ') at 28 °C.

2.4.2 Effects of physicochemical parameters

The effects of different physicochemical parameters of
temperature and pH on the decolorization of CBB dye
were also studied in erlenmeyer flasks as indicated in
Section 2.4.1. The mycelia were inoculated into the
sterilized LCM and cultured under shaking conditions
(120 r-min™") at different pH values (3, 5, 7, 9, 11) and
temperatures (16 °C, 22 °C, 28 °C, 34 °C) correspondingly.

2.4.3 Effects of initial CBB dye concentrations

In order to study the effects of increasing dye concentra-
tions on decolorization capacity of the mycelia, the
experiments were carried out with CBB dyes of
25-800 mg-L'. All the tests were performed in 250 mL
erlenmeyer flasks under conditions at pH 5.0, 28 °C,
120 r-min"'.

2.5 Decolorization with successive batches

The mycelia were inoculated into the sterilized LCM
containing 50 mg-L~' CBB dye at 28 °C, pH 5.0,
120 r-min'. The samples were taken at intervals of 12 h
and centrifuged at 6000 r-min' for 5 min, then collected
and measured with spectrophotometer at 588 nm. After the
decolorization process, mycelia pellets were filtered and
rinsed with distilled water before being transferred into
fresh LCM (50 mg-L ' CBB) for the next treatment batch.

2.6 Extracellular enzyme activities and kinetics assays

The activity of laccase was determined by ABTS oxidation
method [18]. The reaction system contained 2 mL sodium
acetate buffer (0.2 mol-L™, pH 4.8), 0.5 mmol-L™" ABTS
and 0.5 mL enzyme. The oxidation of ABTS was measured
at 420 nm (g429 = 36000 L-mol'-cm™). The LiP activity
was monitored at 310 nm (370 = 9300 L-mol™-cm ™) in a
3 mL of reaction mixture containing 0.2 mol-L™ sodium
tartrate buffer (pH 3.0), 15 mmol-L™" veratryl alcohol,
20 mmol-L"' H,0, and 0.4 mL enzyme [27]. For
assessment of MnP activity, the standard reaction mixture
(3 mL) containing 0.2 mol-L™' sodium acetate buffer (pH
4.8), 1.6 mmol-L™ MnSOy, 1.6 mmol-L™" H,0, and 0.4
mL enzyme solution was used. The oxidation of substrate
was assessed at 240 nm (g549 = 6500 L-mol™"-cm™) [37].

One unit of enzyme activity was defined as 1 umol-L™ of
substrate oxidized per minute or 1 pmol-L™ product
generated per minute under the preconditions [38]. Mean-
while, the variation of biomass and pH was examined
during the decolorization process.

Furthermore, the maximum activities of the above
extracellular enzymes at different temperatures (30 °C—
70 °C) and pH (2.0-10.0) values were evaluated. At the
optimum temperature and pH conditions, different con-
centrations of ABTS (0.3, 0.4, 0.5, 0.6, 0.7 mmol-L™),
MnSO, (1.4, 1.5, 1.6, 1.7, 1.8 mmol-L™") and veratryl
alcohol (13, 14, 15, 16, 17 mmol-L™) were prepared, and
the enzyme activities were determined accordingly. The
kinetic constants of the targeted enzymes were calculated
subsequently.

2.7 Analytical procedures

2.7.1 Morphological characteristics analysis

The SEM (S-4800, Hitachi, Japan) and inverted fluores-
cence microscope (IFM, Olympas IX73, Olympas Optical
Co., Ltd., Japan) were used to examine the morphological
characteristics of the mycelia. The mycelia before and after
treatment were further characterized by X-ray diffraction
(XRD, SmartLab 9KW, Japan) analysis at 40 kV and
100 mA from 80° to 10° at the rate of 20°-min"' [39].

2.7.2 CBB conversion analysis

The biodegradation process was analyzed via the adsorp-
tion peaks variation [34]. Before the treatment, 5 mL of
CBB was prepared as the standard. After decolorization
process, the obtained supernatants and CBB standard were
scanned through full wavelength at 190-900 nm using
spectrophotometer.

The conversion products in supernatant were extracted
with equal volume of ethyl acetate to obtain the fractions
[32]. The extracts were kept in anhydrous Na,SO, to
remove water and were used for infrared spectra analysis
(Fourier Transform Infrared Spectroscopy, FTIR, Nicolet
6700, Thermo Electron Co., MA, USA). The control and
extracted metabolites were mixed with pure KBr powder
and analyzed within the range of 400-4000 cm™ [40].

2.7.3 Stability analysis

Thermal gravimetric (TG 5500, Perkin-Elmer Pyris-1,
USA) analysis was conducted to check the thermometric
stability of the mycelia before and after the treatment. The
freeze-dried mycelia were analyzed for the weight changes
(50 °C-350 °C) at a heating rate of 10 °C-min™" in nitrogen
atmosphere (10 mL-min™") [41].
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2.8 Toxicity evaluation of the decolorized water

2.8.1 Phytotoxicity assay

The phytotoxicity of the decolorized water on wheat seeds
germination was evaluated. The wheat seeds were soaked
in sterile distilled water overnight. Subsequently, the seeds
were soaked within 1 mL of CBB dye solution (50 mg-L™)
and 1 mL of the decolorized water for 3—4 times per day at
room temperature, each time 1 mL of the fresh dye solution
or decolorized water being used, respectively, to keep the
wheat seeds in a moist environment. Meanwhile, distilled
water was used in the control group. The percentage of
germination, roots and plumule length were recorded at
predetermined time intervals accordingly [42].

2.8.2 Contact inhibition toxicity test of Escherichia coli

Microbial contact toxicity was determined by spread-plate-
count method [43]. The LB medium was prepared with
CBB dye solution (50 mg-L™") and the decolorized water
respectively, then the E. coli culture was spread on the
plates. Distilled water was used as the control. After 12 h of
incubation at 37 °C, the contact inhibition toxicity of
E. coli was assessed by the number of colonies growing on
the plates. All experiments were performed in triplicate.
The inhibition rate (%) was calculated according to the
following equation:

Inhibition rate(%) = (49—A4,)/4y x 100%.  (3)

where A, is the amount of E. coli colonies produced after
being treated with distilled water, while 4, is the amount of
E. coli colonies produced at a certain time ¢ after being
treated with the CBB dye solution or decolorized water.

2.8.3 Evaluation of toxicity on Caenorhabditis elegans

The toxic and behavioral influences on C. elegans were
examined with the decolorized water under 20 °C
conditions. The body length of C. elegans was measured
under microscope, in which the experimental C. elegans
was anesthetized with 20 mmol- L' NaN;. Meanwhile, the
movement behavior was evaluated by body bends and
head thrashes during the growth. The frequency of head
thrashes from one side to the other within 30 s was
recorded. The frequency of body bends within 20 s was
also investigated. One body bend refers to the movement
of C. elegans in one wavelength relative to the long axis of
the body. The lipofuscin accumulation was also observed
via the IFM. The average fluorescence intensity of images
was obtained by Image J software. At least 25 C. elegans
were experimented in each group.

2.9 Statistical analysis

The OriginLab software (OriginPro 8.5, OriginLab Co.,
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USA) was used to make data analysis. Experiments were
conducted at least in triplicate and the results were
expressed as mean + SD.

3 Results and discussion
3.1 Mycelia cultivation and dye removal effects

As a rare and delicious wild edible fungus, L. deliciosus
has rich nutritional values; however, it cannot be planted at
present. In this experiment, the mycelia of L. deliciosus
were successfully cultivated from the fruiting body, and
then fermented in the liquid cultrue (Fig. 1), which is
meaningful to the protection of their germplasm resources.
Moreover, for the first time it was found that the mycelia
had a good dye removal effect on CBB (triphenylmethane
dye), which is an important function among the fungal
mycelia. Similar researches have been done on utilizing
other types of fungal mycelia pellets in removing dyes. For
instance, Wang et al. reported the marine-derived Peni-
cillium janthinellum mycelial pellets which were used as a
kind of biosorbent [44].

3.2 Optimization of the treatment parameters for CBB
decolorization efficiency

3.2.1 Effects of dye concentrations on CBB decolorization
The decolorization efficiency of the fermented mycelia of
L. deliciosus was studied with different initial dye
concentrations. It was found that the optimal dye treatment
concentrations of CBB ranged from 25 to 600 mg-L™
(Fig. 2(a) and Fig. 2(b)), and the maximum decolorization
rates could reach more than 97% with an increasing
concentration of dyes. However, the CBB decolorization

Mycelia of L. deliciosus

Fig. 1 Schematic illustration of the mycelia cultivation from the
fruiting body of L. deliciosus.



Jin Zhao et al. Biodegradation and detoxification of the triphenylmethane dye

(@
100 - -
S
g 8ot
2
g “
= 60 - T
z 40 —=—25mg-L7!
@ —e— 50 mg-L™!
© L -1
20 —— 100 mg-L
—v— 200 mg-L!
O 1 1 1 1 1 1 L 1 1
0 12 24 36 48 60 72 84 96 108
Time/h
©
6 . —=—25mg.L!
= —e— 50 mg-L™!
05t —a— 100 mg-L™!
2 " —v— 200 mg-L™!
E L
B ;
s 37
>
=]
% 4
O Ly
0

0 12 24 36 48 60 72 84 96 108

Time/h

425

(b)

100 +
S
% 80
=]

g

‘= 60

s i

3

S 40 =

= =

8 —=— 400 mg-L!
20 —e— 600 mg-L~!

—a— 800 mg-L!
0 1 I 1 1 1 1 1 1 I
0 12 24 36 48 60 72 84 96 108 120
Time/h

(@

20 —=— 400 mg-[jl
= —e— 600 mg-L™!
i —a— 800 mg-L™!
éﬂ 15
2 i
&
= 10r
z ) 3
=}
=)

2
m S
=)
@]

108 120

48 60 72 84 96
Time/h

O 1 1
0 12 24 36

Fig. 2 Decolorization efficiency of CBB with the L. deliciosus mycelia performed in the culture media. (a) Decolorization rates of CBB
with concentrations of 25-100 mg~L71; (b) decolorization rates of CBB with concentrations of 400-800 mg-Lﬁl; (c) removal rates of
CBB with concentrations of 25-100 mg- L' (d) removal rates of CBB with concentrations of 400-800 mg- L (e) CBB solutions before
decolorization process with concentrations of 25, 50, 100, 200, 400, 600, 800 mg~L71 presented in lanes 1-7 respectively; (f) CBB
solutions after decolorization process with concentrations of 25, 50, 100, 200, 400, 600, 800 mg~Lf1 presented in lanes 17 respectively.

rate was dramatically reduced to only 57.73% at the
concentration of 800 mg-L™" (Fig. 2(b)), indicating this
concentration went beyond the dye treatment capacity of
the L. deliciosus mycelia. Moreover, the CBB decoloriza-
tion rate could go up to 99.19% in the 600 mg-L™' LCM
samples, while the maximal CBB removal rate was
16.31 mg-L™'-h (Fig. 2(d)). Comparatively, the decolor-
ization efficiency was lower in the 800 mg-L' LCM
samples as mentioned above, which is consistent to what is
reported by Chakraborty et al. [2].

Besides, as can be seen from Fig. 2(a), the CBB
decolorization rate was 98.57% at 60 h after being treated

with initial dye concentration of 50 mg-L™". In compar-
ison, a longer treatment time was required for complete
decolorization with increasing initial dye concentration.
For instance, 96 h of treatment time was essential to
achieve a decolorization rate of 99.50%, 99.19% and
57.73% for initial dye concentrations’ of 400, 600 and 800
mg-L™' (Fig. 2(b)), respectively. However, the 25 mg-L™
LCM samples (Fig. 2(a)) exhibit a different trend, which
may be ascribed to a lower dye content that slowed down
CBB molecules’ adsorption into the mycelia pellets, thus
reducing the CBB dye’s decolorization and conversion.
But it was consistent with the CBB removal rate analyzed
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in Fig. 2(c), where the CBB removal rate was the lowest
(Max. 0.83 mg-L™'-h) compared with all other samples.
That is to say, as dye concentrations increase, decoloriza-
tion rates display an overall downward trend. This
phenomenon is also found in the Mucoromycotina sp.
and other white rot fungi researches [7]. The results also
showed that the time required for complete decolorization
of initial dye concentrations of 200, 400, 600 and
800 mg-L' was 84, 84, 96 and 96 h respectively (Fig. 2
(a) and Fig. 2(b)).

Moreover, from the Fig. 2(e) and 2(f) we can clearly see
that the CBB was well removed from the LCM with dye
concentrations of 25-600 mg-L " in light of the color. It
indicated that the mycelia of L. deliciosus had a good
performance in treating CBB dye. More importantly, this
treatment was controlled within a shorter time compared
with other organisms, e.g., the complete decolorization of
the reactive black (60 mg-L™) by T. versicolor,
P. chrysosporium and Bjerkandera sp. BOS55 was realized
after 3, 2 and 4 d respectively [45]. Besides, a certain
degree of color was presented in the final LCM, indicating
pre-adsorption existed during the decolorization process.
As is reported, the bioadsorption of dyes was probably due
to the heteropolysaccharides and lipids with charged
functional groups [46]. In all, the dye concentration in
the biological treatment system tends to be saturated to
most of the microorganisms. It thus confirmed that the
increase of initial dye concentration had a far-reaching
effect on the decolorization efficiency [47].

3.2.2 Effects of agitation speeds on CBB decolorization
efficiency

The effects of agitation speeds on dye decolorization
efficiency through the L. deliciosus mycelia were evaluated
with 50 mg-L' CBB LCM samples under the static and
shaking (90-180 r-min™') conditions at 28 °C. The results
showed the agitation speed of 120 r-min™' favored the
removal of CBB dye, realizing a decolorization rate of
98.57% within 60 h treatment period. While at agitation
speeds 0f 90, 150 and 180 r-min ', within 60 h the mycelia
pellets were able to reach decolorization rates of 96.70%,
96.94% and 92.76%, respectively (Fig. 3(a)).

However, under static conditions, only 48.82% decolor-
ization rate was achieved within the same treatment period,
indicating the shaking had a positive effect on the
decolorization of CBB dye. Similarly, it is reported that
only 45% decolorization rate was realized under static
condition in the crystal violet dye treatment system [27].
Figure 3(b) showed the CBB removal rate reached the
maximal value of 2.79 mg-L™"-h at 150 r-min™', and
2.35 mg-L'-h at 120 r-min"' with the minimal value of
2.02 mg-L'-h at 90 r-min"'. The removal rates between
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the agitation speeds of 120 r-min™ and 150 r-min™
exhibited few differences. Considering energy consump-
tion during the process, 120 r-min~' was chosen as the
optimum agitation speed for the following decolorization
experiments. Agitation can directly affect the dissolved
oxygen which microorganisms demand for growth,
resulting in an increased rate of enzyme synthesis [5].

3.2.3 Effects of pH values on CBB decolorization
efficiency

In the present study, the CBB decolorization via the
L. deliciosus mycelia was investigated at different pH
values (3—11) of the LCM at 28 °C, while the initial dye
concentration (50 mg-L ') and agitation speed of
120 r-min"' remained unchanged. As presented in Fig. 3
(c), decolorization rates were obviously affected by pH
conditions. At pH 5, a maximum dye decolorization rate of
98.57% was realized after 60 h, and decolorization rates
decreased to 79.74% at pH 7, 65.06% at pH 9 and 68.21%
at pH 11. It indicated that neutral and alkaline environ-
ments were unfavorable for CBB decolorization by the
mycelia. However, under the strong acidic condition at
pH 3, the CBB decolorization rate (67.35%) also decreased
evidently. Therefore, the pH value around 5 was the
optimum condition for the mycelia treatment. Meanwhile,
from the Fig. 3(d) we can see that CBB removal rate was
also relatively high (2.36 mg-L™'-h) at pH 5 and slightly
higher at pH 9 (2.43 mg-L™" - h), followed by CBB removal
rate at pH 3 (2.00 mg-L™"'-h), pH 7 (1.73 mg-L™"-h) and
pH 11 (2.20 mg-L™" - h) respectively. Similar pH dependent
decolorization results are also found in the immobilized
white-rot fungi treatment system for removing the metal
textile dye Lanaset Grey G. It indicated the optimum pH
values for the Lanaset Grey G decolorization probably
ranged between 4—6 [45]. Besides, it proved that through
the controlling of the [H*] concentration, the degradation
of the pollutants could be efficiently influenced [2].

3.2.4 Effects of temperatures on CBB decolorization
efficiency

The effect of temperature on CBB decolorization by the
L. deliciosus mycelia was studied in the range of 16 °C—
34 °C with 50 mg-L™' LCM samples at 120 r-min™', pH 5.
The results showed the decolorization rates were higher at
16 °C-28 °C. Figure 3(e) shows the increase of
temperature could lead to the initial increase and the
subsequent decrease of decolorization rates. As seen in
Fig. 3(e), under the condition of 28 °C a maximum
decolorization rate of 98.57% was realized after 60 h
treatment; the maximal decolorization rates after 96 h were
96.83%, 96.15% and 59.96% at 16 °C, 22 °C, 34 °C
respectively. Meanwhile, Fig. 3(f) shows the CBB rate has
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reached the maximal value of 2.36 mg-L™"-h at 28 °C,
followed the CBB removal rates of 1.13 mg-L'-h at
16 °C, 1.47 mg-L'-h at 22 °C and 1.59 mg-L'-h at
34 °C. The decrease of decolorization efficiency at a higher
temperature may be ascribed to the loss of cell viability
[48]. Herein, 28 °C was chosen as the optimum
temperature for the treatment process.

3.3 Successive batch decolorization

As can be seen from Fig. 4, the mycelia pellets
could continuously treat the LCM containing CBB dye
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(50 mg-L™) for 19 times, and the final decolorization rate
could go up to 85.50%. This outstanding recycle property
has been barely mentioned in pertinent literatures. For
examples, the alginate-immobilized Trametes versicolor
could be continuously reused for six times [33]; the
immobilized mixed flora of white-rot fungi (Coriolopsis
gallica, Bjerkandera adust, Trametes versicolor and
Trametes trogii) could be recycled for three times
continuously with a 70% decolorization rate [45]. By
contrast, the successive batch decolorization property was
better in this study. As shown in Fig. 4(a), the first
complete decolorization process was relatively long, since
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the mycelia needed a certain of time to adapt to the
environment thus grew slowly at this stage. With the
continuous growth of the mycelia, the dye concentration
decreased consecutively until the decolorization rate
reached the maximum of 95.51% at 72 h. At this phase,
the dye concentration dropped from the initial 50 mg- L™
to about 2 mg-L™', almost completely removed. After the
first dye treatment process, the time used for the
continuous batch decolorization was greatly reduced
because the mycelia grew integrally in forms of pellets,
and it took about 33 h to repeat the second to the nineteenth
cycles (Figs. 4(b—d)). At the nineteenth cycle, the dye
concentration was kept at 9 mg-L ' within 90 min (50
mg-L ' for each cycle) and the concentration was no
longer reduced (Fig. 4(d)), indicating the mycelia pellets
reached their maximum utilization for decolorization of the
dye. A similar good recycle property is also found in the
microorganism of the Lycinibacillus sp. RGS, which had
an effective decolorization rate of 94% at 21st cycle in
removing the dye of Reactive Orange 16 (50 mg-L™" for
each cycle) within 220 min [49]. Thus, the L. deliciosus
mycelia had a prominent recycle property in removing the
CBB dye with high efficiency. Most importantly, unlike
free mycelia, the pellets formed in this work could be

easily separated from the treatment system and reutilized
with low costs.

3.4 CBB degradation enzymes analysis

In general, fungi extracellular enzymes play a vital role in
dye biodegradation process, such as laccase, MnP and LiP.
These enzymes usually have broad-spectrum catalytic
degradability and can degrade certain complex refractory
substances. As shown in Fig. 5, the variation of lignin
oxidase activity, pH value and biomass during decoloriza-
tion process were investigated. Figure 5(a) shows the
maximum enzyme activity of LiP was 121.65 £ 11.2
U-L',36.77£4.8U-L"'of MnP and 2.85 £ 0.3 U-L ' of
laccase respectively. The laccase showed activities at a
lowest level within 5 d of incubation period in this study.
By contrast, in the white rot fungi (Lenzites elegans
WDP2)—dye decolorization system the results indicated
the laccase enzyme played a major role in decolorization
[38]. Some research reported only LiP and MnP enzyme
activity was detected during the dye degradation process
[18,50]. That is to say, in terms of the dye degradation
process laccase, LiP and MnP or a combination of them
may function distinctively in different fungi species [43].
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In the present study, the LiP and MnP showed a relatively
higher enzyme activity, indicating the possible involve-
ment of these two enzymes in triphenylmethane dye
decolorization.

At the same time, from Fig. 5(b) it can be seen that the
pH value of the treatment broth decreased from the initial
value of 5.0 to 4.26, then increased to 4.61 after complete
decolorization, while the overall pH variation showed a
decreasing trend. Besides, the biomass of LD mycelia
increased to 2.18 g-L™" at 120 h (Fig. 5(c)). It indicates that
some acidic metabolites were produced during the
degradation process. Generally speaking, a weak acidic
environment is more beneficial to the degradation of dye
compounds [45].

To further investigate the effects of potential environ-
mental factors, the enzymatic properties of the above three
lignin enzymes produced by LD were measured under
different temperature and pH conditions. It can be seen that
the enzyme activity of LiP changed in a typical manner of
increasing to the maximum value (81.01 U-L™) at 35 °C
before decreasing to 63.30 U-L™ at 40 °C; afterwards it
remained relatively stable as temperature further increased
(Fig. 6(a)). In comparison, the optimal temperature of MnP
was 30 °C, and the enzyme activity decreased dramatically

though there was a slightly upward trend after 45 °C
(Fig. 6(a)). Nevertheless, the enzyme activity of laccase
displayed no significant differences with the temperature
rising up to 70 °C (Fig. 6(a)). Figure 6(b) shows the
optimum pH of the three enzymes was also distinctive.
With the increase of pH values, the overall variation trends
of pH were similar to those of the temperature. As can be
seen from Fig. 6(b), the optimum pH condition of LiP was
6.0, while the MnP was 3.0. It further manifested that the
two enzymes involved in the study were inclined to be
activated under acid environment.

In terms of specific enzymes and substrates, V., and
K, are characteristic parameters, which are closely related
to the pH and the temperature of the reaction systems. In
this study, the enzyme activities of extracellular laccase,
MnP and LiP were determined at the optimum temperature
and pH conditions with ABTS, MnSO,4 and veratryl
alcohol as respective substrates. According to the Line-
weaver-Burk diagram, the kinetic constants of enzymes to
substrates were calculated using the formula below:

1V = 1/Viax + (Kin/Vinax) x (1/[S])- 4)

As shown in Table 1, in light of enzymatic reaction, K,
value is an important indicator of enzyme dynamic
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property, which reflects the affinity of the enzyme to the
substrate. The smaller the K,,, value is, the greater affinity
of the enzyme to the substrate and the easier the enzymatic
reaction. The LiP had the smallest K,, value of
0.633 mmol-L™" and the maximum V;,,, of 30.303 U-L~
!, indicating a great deal of LiP enzyme’s production
during the degradation process. However, although the K,
value of laccase was relatively a bigger one (5.413

mmol-L™"), the maximum V,,,, of laccase was too small
(0.09 U-L™) to lead the role.

3.5 Decolorization and biodegradation analysis

Both SEM and IFM showed that the surface morphology
of the fungus was more amorphous after CBB decoloriza-
tion (Fig. 1S, cf. Electronic Supplementary Material,
ESM). Moreover, from the observation of SEM, it can be
seen that the mycelia became thicker and more adhesive,
which may be attributed to the adsorption of the dye that
stimulate the secretion of some viscous substances. From
the XRD patterns in Fig. 2S(a) (cf. ESM), it can be seen
that the pure CBB had a distinct peak appearing at 19.1°,
28.1°, 32.2°, 33.9°, 38.6° and 48.8°, respectively.
Figure 2S(b) was the pattern of L. deliciosus mycelia
before decolorization, indicating a broad peak at 21.5°;
while Figs. 2S(c,d) were the spectra after decolorization
treatment for 3 d and 5 d, they also showed corresponding
broad peaks at 20.6° and 20.5°, which were similar to the
peak location presented in the Fig. 2S(b) before decolor-
ization. In other words, no typical peaks of CBB were

Table 1 The kinetic parameters of extracellular enzymes produced by

L. deliciosus mycelia

Parameters LiP MnP Laccase
Kp/(mmol-L 1) 0.633 1.503 5413
Vinax/(U-L1) 30.303 10.881 0.09

found in the treatment samples; CBB dye could be
converted during the decolorization treatment, and the
bioadsorption and biodegradation may occur simulta-
neously.

To investigate whether conversion occurred during the
process, the substances contained in the final treatment
solutions were measured by UV-Vis spectrometry in
Fig. 3S (cf. ESM). Compared with the CBB standard, the
characteristic adsorption peaks at 588 nm disappeared in
samples of 25, 50, 100, 200, 400, 600 mg-L™, indicating
that CBB probably transformed to other substance during
the process. In comparison, in the sample from LCM
concentration of 800 mg-L™', the adsorption peak
presented at 588 nm considerably decreased but not
disappeared, indicating that part of the dye still existed in
the final treatment solution. This was consistent with the
dye removal analysis of the 800 mg-L™' LCM samples, in
which the final decolorization rate was only 57.73% after
96 h. The decrease or disappearance of absorption peaks
indicated the possible occurrence of biodegradation in
which the chromophoric groups may be degraded [51].

The spectrum of the control (Fig. 4S(a), cf. ESM)
showed both a broad peak at 3446 cm™' due to the
stretching of N-H groups, and peaks at 1575 cm™' and
1500 cm™ due to phenyl rings. In addition, a peak at
2968 cm ' of asymmetric —CHj stretch and overtone bond
of C—H stretching at 1787 cm™ were observed. The peak at
1388 cm' represented the primary aromatic amines with
C-N bond vibration while the peak at 1170 cm™' was
related to C—O bond stretching. The peak at 1028 and 609
cm™! indicated the stretching of sulfonic groups and the
peak at 2181 cm ' showed C = C stretching vibration. The
extracted metabolites (Fig. 4S(b)) showed the peak at 3446
cm ' indicating the N-H bond still existed. The peak at
1159 cm™ may be ascribed to the stretching of C—O bond.
As compared to the control, the disappearance of peak at
1575 and 1500 cm ' indicated the possible breakage of
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phenyl rings, resulting from degradation of CBB by the
mycelia. Meanwhile, the disappearance of peak at 1028
and 609 cm™ also proved the removal of sulfonic groups of
CBB. These results could confirm a preliminary assump-
tion, namely, the bioadsorption and biodegradation did
occur during the process in this work. Therefore, the L.
deliciosus mycelia pellets could transform the triphenyl-
methane dyes like CBB to a great extent.

By far, few reports have addressed the degradation of
CBB dye with fungi. Here, we proposed a degradation
pathway of CBB dye based on the results, as shown in
Fig. 7. During the process, the (a) CBB dye was first
converted to (b) tetraethyl Michler’s ketone and (c) phenol
derivative by the mycelia of L. deliciosus, and then
transformed to (d) p-formaldehyde phenylacetic acid and
(e) hydroquinone. These substrates may be further
converted to simple open chain hydrocarbons. The
hypothesis of forming benzene free ring and simple
compound was also confirmed by FTIR results. Research-
ers reported the conversion procedure of triphenylmethane
dyes by microorganisms, for instance, the degradation
process of crystal violet to phenol [8] and the transforma-

OH @)

C=——=0

C——C——OH

d

tion of malachite green to Michlers ketone or DLBP by
Micrococcus sp. strain BD15 [4].

3.6 Thermal stability analysis

Before decolorization, the TG curve (Fig. 5S(a), cf. ESM)
showed the fungal mycelia decomposed evidently after
200 °C and the drastic decomposition occurred near
292 °C. Consequently, after the mycelia adsorbed the dye,
the TG curve (Fig. 5S(b)) showed the mycelia experienced
a drastic decomposition phase and began to lose weight
after 240 °C. The first derivative (DTG) curve showed a
peak at 279 °C, indicating the drastic decomposition
happened at this point, probably due to the decomposition
of'the mycelia and subsequent dye release from the system.
In the meantime, the temperature dropped at the drastic
decomposition stage, namely from 292 °C to 279 °C,
indicating a weak growth status of the mycelia after
decolorization. These results were consistent with the
above SEM observation (Fig. 1S, cf. ESM), in which the
fungus became more amorphous. Most of the weightless-
ness was due to the pyrolysis of the fungus, and the
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CH,
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Fig. 7 The supposed degradation pathway of CBB by the mycelia of L. deliciosus.



432

moisture and volatiles missed at about 150 °C, which was
similar to Agrawal’s result [41].

3.7 Phytotoxicity and microbial toxicity assessments

Some synthetic dyes like triphenylmethane dyes, azo dyes
are reported to be highly toxic to organisms and their
degradation intermediates are even more poisonous than
that of the parent compound [27,43]. Therefore, the
toxicity of the CBB dye and its degraded products were
evaluated.

As shown in Fig. 8, the CBB dye solution had a
significant toxic effect on wheat seeds’ germination,
plumule and root growth compared with the distilled
water treated group. With the increase of treatment time,
the influence/toxicity of the obtained decolorized water on
wheat seeds growth displayed a decreasing trend visibly.
The germination rate, plumule and root length were
increasing gradually up to the maximum value of

Front. Chem. Sci. Eng. 2021, 15(2): 421436

82.22%, 2.95 4+ 0.43 and 2.66 + 0.58 cm with decolorized
water after 120 h treatment, respectively. It confirmed that
the toxicity of CBB was substantially reduced after
degradation and decolorization processes. According to
Shabbir’s report, the germination index (GI) value below
50% suggests a high phytotoxicity, while a 50%—80% GI
value indicates a moderate phytotoxicity with 80% and
above suggesting non-toxicity [8]. Thus, the obtained
decolorized water in this work was non-toxic.

Similar results were found in the E. coli contact
inhibition experiments (Table 2). It shows that the pure
CBB dye solution had the highest toxicity; the inhibition
rate was 44.8% initially, however, after 48, 72, 96 and
120 h treatment, the inhibition rates of E. coli decreased
sharply, and no inhibition effect was observed after 120 h
of treatment, indicating the toxicity of the dye water was
gradually reduced and became non-toxic finally.

Besides, the CBB dye solution had a profound effect on
the body length and movement behavior of C. elegans. In
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Fig. 8 Phytotoxicity of the decolorized water on wheat seeds growth. (a) Germination rate; (b) root length; (c) plumule length.
* indicates statistical significance at P < 0.05; ** indicates statistical significance at P < 0.01.

Table 2 Toxicity of the CBB dye solution (0 h) and the decolorized water on growth of E. coli in plate

Time/h 0 48

72 96 120

Inhibition rate/% 44.08 + 2.1

4132+£23

16.53 £ 0.6 1.10 £ 0.2 0
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comparison, the obtained decolorized water (96, 120 h)
barely affected the body length (Fig. 9(a)) and movement
behaviors (Figs. 9(b) and 9(c)), indicating the decolorized
water was non-toxic. Meanwhile, according to the results
of spontaneous fluorescence intensity of C. elegans
(Fig. 10), the decolorized water (after 48 h treatment)
had no significant effect on the accumulation of lipofuscin
in C. elegans, one of the important characteristics of cell
damage. The acute exposure of hexabromocyclododecane
with a concentration greater than 20 nmol- L' significantly
reduced the body bending of nematodes [52]. Herein the
results confirmed that the decolorized water was non-toxic
and had no oxidative stress on C. elegans.

4 Conclusions

In the current work, the mycelia of a wild edible fungus of
L. deliciosus used for effective removal of CBB dye were
evaluated, which provided a viewpoint of biological
method for treating dye wastewater. The mycelia could
realize decolorization rate of 99.19% with 600 mg-L"
CBB samples within 96 h, at a maximal removal rate of

433

16.31 mg-L™'-h. The continuous batch treatment of the
dye by the mycelia pellets demonstrated good recyclability.
The fungal strain proved to be an excellent candidate for
the removal of triphenylmethane dye like CBB within a
broad range of temperature and agitation speed, providing
a basis for practical design of treatment protocol.
Furthermore, the fungus showed an efficient degradation
of CBB dye with mainly two kinds of extracellular
enzymes involved, namely LiP and MnP. The kinetic
parameters of enzymes also proved LiP had good affinity
with substrates. UV-visible spectra and FTIR studies
suggested that the dye removal was attributed to the
synergy effects of adsorption and degradation of the
mycelia. Compared with the results of previous researches
on microbiological treatment, the fungi cultivated in this
study were more efficient in the presence of high
concentrations of CBB. The toxicity of the decolorized
water on wheat seed germination, E. coli and C. elegans
decreased dramatically compared with pure CBB dye
solution, indicating the occurrence of dye degradation
process. Thus, the fungi mycelia could be potentially used
for environment-friendly treatment of CBB dye waste-
water.
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