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Abstract

Aspergillus flavus: fungal strain AS5pl is reported here to decolorize a variety of dyes under broad environmental conditions.
For the 15 dyes tested, the decolorization efficiencies ranged from 61.7 to 100.0% at an initial concentration of 100 mg/L.
Direct Blue 71 (DB71), Direct Blue 86 (DB86), and Reactive Blue 19 (RB19) were selected as models for comparing
decolorization performance. The results show that biosorption and biodegradation work together in the strain to remove the
pigments; the effect of biosorption was stronger for DB71 and DB86, whereas the effect of biodegradation was stronger for
RB19. For DB71 and DB86, the decolorization rate surpassed 90% with inactivated biomass under acidic conditions and
with living biomass under alkaline conditions. DB19 achieved the highest removal rate of 90% under neutral conditions. The
strain could effectively decolorize high concentrations of dyes up to 1000 mg/L, which was achieved mainly via biosorp-
tion at concentrations below 500 mg/L and via biodegradation at concentrations above 500 mg/L. The findings suggest that
A5pl has a strong adaptability to different dye types and environmental conditions and can, therefore, be potentially used

in biological processes for the treatment of dye-containing wastewater.
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Introduction

Over the past century, over 10,000 different synthetic dyes
and pigments have been developed and applied for common
use in industries such as textile dyeing, paper printing, plas-
tics, and leather industries, with approximately 0.7 million
tones of dyestuff manufactured each year [1]. Most of these
dye components have exhibited carcinogenicity, teratogenic-
ity, and mutagenesis for humans and other organisms; mean-
while, they are intentionally designed to be resistant to light,
water, and oxidizing agents; they are difficult to remove once
they are released into the environment [2]. Therefore, there
is great interest in the rapid and cost-effective removal of
dyes.
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Biological processes of wastewater treatment are univer-
sally accepted to have technical and economic advantages
over physical and chemical methods [3]. Many biological
materials have demonstrated very good performance in
removing pigments, including fungi such as white rot fungi
[4-6]; bacteria such as Serratia liquefaciens [7], Bacil-
lus sp. [8] and Sphingomonas [9]; and even algae such as
Shewanella algae [10] and microalgae species [11]. These
biological resources lay the foundation for the construction
of dye biodecolorization processes.

Biosorption and biodegradation are two major mecha-
nisms in the biodecolorization of dye wastewater. The for-
mer describes the process mediated by inactivated biomass
[12, 13], and these materials are often referred to as being
biosorbent. In living cells, the two mechanisms can act
together [14, 15]. Given the wide variety of enzymes in a
strain and the low selectivity of biosorbents, it is expected
that the same strain can decolorize various dyes via differ-
ent mechanisms, as demonstrated by many examples. The
white rot fungus Coriolopsis sp. was tested to decolorize
four pigments of different colors or common backbones [16],
and Phanerochaete chrysosporium showed the decoloriza-
tion ability for Acid Blue 62 [17], Direct Red 80 [18], and
indigo dye [19]. In the case of Aspergillus flavus, there are
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reports of dye decolorization of RBBR [1], Navilan yellow
RL [20], and Drimarene blue K(2)RL [21]. Less research
has been devoted to the decolorization of various dyes by
Aspergillus flavus alone.

Wastewater, including wastewater discharged from a sin-
gle plant, inevitably contains complex pigments, because
different types of pigment are employed based on the dye-
ing colors and textile properties. Therefore, a strain with a
broad-spectrum substrate should have potential for use in an
industrial process from the point of industrial application.
In addition, it is easier to achieve high stability, flexibility,
and adaptability in practice with a strain that is adaptable to
a wide pH range and is tolerant to high dye concentrations.
Here, we report a strain of Aspergillus flavus, named ASpl1,
which exhibited a good decolorizing effect on 15 pigments
representing azo-based, anthraquinone-based, triphenyl-
methane-based, and phthalocyanine-based dyes. The decol-
orization mechanism was preliminarily examined and was
found to change with dye type and external conditions. The
results suggest that this strain has considerable potential for
use in biodecolorization applications.

Materials and methods
Microorganism and culture medium

Aspergillus flavus ASpl was isolated and preserved in
theChina General Microbiological Culture Collection Center
(CGMCC No. 4292). The medium consisted of the follow-
ing (g L™! of distilled water, pH adjusted to 5): D-glucose,
2.5; NaNO;, 2; KH,PO,, 1; MgSO,-7H,0, 0.5. Once inocu-
lated, 250 mL Erlenmeyer flasks containing 60 mL of sterile
medium were incubated in a controlled incubator at 150 rpm
for 4 days at 39 °C.

Chemicals

All the reagents were of analytical grade and were mainly
purchased from Macklin (Shanghai, China) and Aladdin
(Shanghai, China). The dyes used in the study were obtained
from Aladdin (Shanghai, China) and YuHua (Tainjin,
China).

Biosorbents
The pellets were harvested after cultivation and washed
several times with distilled water before being inactivated

at 121 °C for 20 min. The dried mycelia were stored in the
refrigerator and used for biosorption.
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Crude enzyme liquid preparation

To grow the fungal biomass, 4.3 x 10* spores mL ™" of fungal
suspension on a Potato Dextrose Agar medium (PDA) was
inoculated in a 250 mL Erlenmeyer flask containing a 60 mL
autoclaved solution of culture medium with dye of the
desired concentration. The flasks were agitated at 150 rpm
and at 39 °C for 4 days. The pellets were separated from
the fermentation broth by centrifugation and homogenized
in 0.05 mol/L, pH 7.0, phosphate buffer. The intracellular
enzyme was harvested by centrifugation, and the extracel-
lular enzyme was harvested by ultrafiltration of the cell cul-
ture filtrate. The crude enzyme liquid was obtained using a
mixture of intracellular enzyme and extracellular enzyme.

Decolorizing experiments with living cells

To grow fungal biomass, 4.3 x 10* spores mL ™! of the fungal
suspension on a PDA plate was inoculated in an Erlenmeyer
flask containing a 60 mL autoclaved solution of culture
medium with dye of the desired concentration. The flasks
were agitated at 150 rpm at 39 °C. Sample solution (1 mL)
was collected from the flasks after 8 days and separated by
centrifugation (Allegra 25R, Beckman, USA) at 8000 rpm
for 10 min; the supernatant fraction was analyzed for the
remaining dye ions. The results, presented as averages, were
obtained from experiments performed at least three times.

To evaluate the influences of pH and dye concentration,
one experiment was performed at pH 3 to 11 with 500 mg/L
Cpg71> 500 mg/L Cpgse, and 300 mg/L Cry,9, and another
assayed each dye at concentrations ranging from 100 to
2000 mg/L at pH 5.0. The mixed-dye decolorization experi-
ments were performed at pH 5.0 with total concentrations
of 0.3 g/L (0.1 g/L Cpgyy, 0.1 g/L Cppges 0.1 g/L Crpio)s
0.5 g/L (0.2 g/L Cpgyy, 0.2 g/L Cppge, 0.1 g/L Cryo), and
0.6 g/L (0.2 g/ Cpgyy, 0.3 g/L Cppge, 0.1 g/L Cirpi9)-

Decolorizing experiments using inactivated cells

Culture medium (60 mL) with dye of the desired concentra-
tion and inactivated fungal biomass (approximately 0.3 g,
i.e., the dry weight of living pellets in culture medium with
dye on the eighth day) was shaken in a controlled incubator
at 150 rpm at 39 °C. Sample solution (1 mL) was collected
from the flasks after 1 day and separated by centrifugation
(Allegra 25R, Beckman, USA) at 8000 rpm for 10 min; the
supernatant fraction was analyzed for residual dye concen-
tration. The results, presented as averages, were obtained
from experiments performed at least three times. To evalu-
ate the influence of pH and dye concentration, an experi-
ment was performed at pH 3 to 11 with 500 mg/L Cppqy,
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500 mg/L Cppge. and 300 mg/L Cgrp,q, and each dye was
assayed at concentrations ranging from 100 to 2000 mg/L
atpH 5.0.

Decolorizing experiments by crude enzyme liquid

Culture medium (60 mL) with dye concentrations of
200 mg/L Cpgy;, 300 mg/L Cpgge, and 100 mg/L Cry ;¢ and
1 mL crude enzyme was shaken in a controlled incubator at
150 rpm and at 39 °C. Sample solution (1 mL) was collected
from the flasks at defined time points and separated by cen-
trifugation (Allegra 25R, Beckman) at 8000 rpm for 10 min.
The supernatant fraction was analyzed for the remaining dye
ions. The results, provided as averages, were obtained from
experiments performed three times.

Analysis

Manganese peroxidase (MnP) (EC 1.11.1.13) activity was
based on the color change due to oxidation of 2; 2'-azino-
bis (3-ethylbenzthiazoline-6-sulfonic acid (ABTS)). The
increase in absorbance was measured at 420 nm at 24 °C
using a €420 value of 36,000 M~ em™ to calculate MnP
activity [22].

Glucose oxidase (GOD) (EC 1.1.3.4) activity was deter-
mined by measuring H,O, production. The H,O, produced
was utilized to oxidize a chromomeric substrate in the pres-
ence of horseradish peroxidase [23].

The absorbance of each sample was analyzed using a UV/
Vis spectrophotometer (Tu-1900, PERSEE, China).

The decolorization percentage was calculated with the
following formula:

Ay —A
0 x 100% , €))
AO

Decolorization =

where A, is the initial absorbance and A is the final
absorbance.

Results and discussion

Broad-spectrum dye uptake ability of Aspergillus
flavus A5p1

According to their chemical structure, dyes are generally
classified as follows: azo-based, anthraquinone-based,
phthalocyanine-based, and triphenylmethane-based dyes
[24]. Fifteen dyes representing the above four types were
chosen to test the decolorization ability of A. flavus AS5pl.
The results shown in Table 1 demonstrate that the strain had
different decolorization effects over the 15 dyes. A decol-
orization rate of up to 100.0% was achieved for Direct Blue
71, even at 500 mg/L, and a moderate level of 64.0% was
achieved for Acid Orange II at 100 mg/L. These results sug-
gest that A. flavus A5pl has a broad-spectrum degradation
ability for dyes. Few studies have reported dye decoloriza-
tion by Aspergillus flavus, and these studies focused on a sin-
gle pigment. For example, Aspergillus flavus showed 85.0%
decolorization for Reactive Red 198 at a concentration of

Table 1 Decolorization of

‘ Dye Removal (%)
different dyes by A. flavus A5pl
Name Type Molecular weight Initial concentration
100 mg/L 500 mg/L
Direct Blue 71 Azo-based 1029.8 100.0 99.9
Reactive Red 24 995.2 100.0 95.1
Reactive Black 5 991.8 100.0 934
Direct Violet 843.7 100.0 83.5
Direct Black 19 839.7 99.0 80.2
Acid Red 18 604.4 93.1 78.9
Acid Yellow 7 404.3 79.2 40.6
Acid Orange 11 350.3 61.7 31.1
Reactive Blue 19 Anthraquinone-based 626.5 87.0 71.1
Acid Blue 43 3722 64.0 50.3
Bromophenol Blue Triphenylmethane-based 669.9 83.6 20.7
Malachite Green 463.5 74.2 18.5
Crystal Violet 407.9 72.9 15.2
Direct Blue 86 Phthalocyanine-based 780.1 100.0 90.7
Reactive Turquoise Blue - 98.9 88.5

pH 5.0; 39 °C
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50 ppm [25], and Bruno Perlatti et al. reported the ability
of Aspergillus flavus to decolorize Remazol Brilliant Blue
R[1].

The decolorization efficiency of a strain is related to the
chemical structure of the dye [26]. In our case, anthraqui-
none and triphenylmethane dyes appeared to be more resist-
ant to degradation, especially compared to azo and phth-
alocyanine dyes, likely due to the aromatic structure of the
former dyes. A decreased decolorization rate was observed
with a decrease in dye molecular weight for azo dyes, from
99.9% for Direct Blue 71 to 31.1% for Acid Orange II. The
presence of more sulfonic groups in the large azo (Fig. s1)
might partially explain this effect, since one mechanism
for color removal is based on the electrostatic interaction
between negative sulfonic groups and the positive ammo-
nium group on the cell surface [27].

Decolorization mechanisms

Three dyes, including Direct Blue 71 (DB71), Direct Blue
86 (DB86), and Reactive Blue 19 (RB19), were selected
in this study to compare decolorization mechanisms. To
evaluate the effect of biosorption and biodegradation, the
decolorization of dyes was performed separately by inacti-
vated and living biomass. As shown in Fig. 1a, a decoloriza-
tion rate of 83.4, 100, and 49.4% was obtained for DB71,
DB86, and RB19, respectively, using inactivated cells. These
values suggested that the A5Spl biomass played a role in
adsorption with respect to the tested dye molecules, since the
mechanism for inactivated biomass is based principally on
adsorption. For living biomass, cell growth and dye decol-
orization were synchronous over the entire incubation period
(Fig. 1b). A comparison of the decolorization rate between
the two types of biomass revealed that decolorization of
RB19 by living biomass was approximately twice that of the
inactivated biomass, but no significant differences were seen
for DB71 and DB86. As degradation and adsorption are typ-
ically of the same importance and effect for decolorization
mediated by living biomass, the role of degradation cannot
be ignored for RB19, as the decolorization by living biomass
was approximately twice that by inactivated biomass.

To further illustrate the function of biodegradation in
decolorization, crude enzyme solution in the presence and
in absent of dyes were prepared from the culture supernatant
and mycelium. The results in Fig. 2 show that the enzyme
in the presence of dye had better decolorization capabil-
ity than the absence of dye, with rates of 100, 100.0, and
71.8% for DB71, DB86, and RB19, respectively; this indi-
cates that the activity of the crude enzyme solution may be
increased due to the presence of the dye. We also compared
the growth curves of ASpl in the presence or absence of
dye and found that the presence of dye did not significantly
increase cell growth (Fig. 1b). Moreover, the activities of
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Fig.1 a Comparison of dye decolorization between inactivated and
live cells (Cpp7;=500 mg/L; Cppge=500 mg/L; Cgp;o=300 mg/L;
pH 5.0; T=39 °C). b Time course of decolorization of dye by strain
A5pl (Cpp7;=500 mg/L; Cpgge=500 mg/L; Cgpo=300 mg/L; pH
5.0; T=39 °C)

crude enzyme in presence of dye
120 - —m— Direct Blue 71
—@— Direct Blue 86
| —A— Reactive Blue 19
100 |- crude enzyme in absent of dye
—0O- Direct Blue 71
I —O- Direct Blue 86
80 L —/\— Reactive Blue 19

60

Decolorization (%)

40

20

n " n n n 1 n 1 n 1 n
0 10 20 30 40 50 60 70 80
Times (h)

Fig.2 Decolorization of dyes by crude enzyme (Cpp;;=200 mg/L;
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Table 2 Enzyme activity in a culture system with A. flavus A5p1 for
4 days

Dye Enzyme activity (U/L)

GOD MnP
Without dye 1152.6+73.5 5173.6+£85.3
Direct Blue 71 159,984.0+188.0 9517.3+£170.6
Direct Blue 86 151,836.7+110.4 16,710.6 +146.0

Reactive Blue 19 96,657.0+177.0 10,734.6 +191.6

two key enzymes, glucose oxidase (GOD) (EC 1.1.3.4) and
manganese peroxidase (MnP) (EC 1.11.1.13), are commonly
thought to be involved in the removal process [4, 28]. These
enzymes were measured during culture in medium with and
without dye. Both enzymes were detected in all cases, but
their activities were much higher in media with dye than in
media without (Table 2). MnP activities increased 3.2-fold
in the presence of DB86, and GOD activities were 138-fold
higher without DB71. The above finding indicated that the
presence of dye might act as an activator to stimulate the
secretion of key enzymes by A5pl. As these enzymes act
as the machinery for degradation [29, 30], we assume that
biodegradation plays a role in the decolorization of the three
studied dyes but might be slower than adsorption for DB71
and DB86. Thus, strain A. flavus A5p1 might be flexible in
the mechanism underlying the decolorization of different
dyes.

Effect of pH on dye uptake

The effect of pH on the decolorization of the three dyes
was performed separately for inactivated and living biomass.
Figure 3a, b shows the large difference between the two bio-
mass types. For inactivated biomass, DB71 and DB86 fol-
lowed a similar tendency at a pH of 3.0 to 11.0. Decoloriza-
tion was more efficient under acidic conditions than under
basic conditions and declined sharply with increasing pH
(Fig. 3a). This result can easily be explained by the interac-
tion between negatively charged dye anions and positively
charged cell surfaces, as reported for the Congo Red and
coir pith carbon [31, 32]. In contrast, the removal capacity of
RB19 was little affected by pH and remained at a low level,
possibly due to the presence of fewer dissociated functional
groups in RB19 [33].

For living biomass, the decolorization rate of RB19 and
DB86 showed a bell curve with increasing pH, as shown
in Fig. 3b. The maximum, above 90%, was observed under
neutral conditions, and acidity or alkalinity lowered the
removal rate, especially for RB19. This finding is consist-
ent with the basic characteristics of enzymatic reactions, i.e.,
pH has significant effects on enzyme production and activity.
The decolorization rate for DB71 was less affected by pH
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Fig.3 a Effects of pH on decolorization by A5pl biomass:
inactivated  biomass (Cpg7;=500 mg/L; Cppge=500 mg/L;
Crg19=300 mg/L; pH 5.0; T=39 °C). b Effects of pH on decol-
orization by A5pl biomass: live biomass (Cpg;;=500 mg/L;
Cppse=500 mg/L; Crg19=300 mg/L; pH 5.0; T=39 °C)

than was that for the other two dyes and maintained a high
level over a wide pH range. These findings suggest that A.
flavus ASp1 might decolorize via different mechanisms for
different dyes and in different environments. For RB19, as
speculated in the previous section, the decolorization mech-
anism mainly involved biodegradation by key enzymes in
A. flavus ASpl. Even in the alkaline environment, where
enzyme activity was decreased, the removal rate by living
biomass was higher than that by inactivated biomass. For the
other two dyes, DB71 and DB86, acidic conditions benefited
adsorption, and a slightly higher removal rate was achieved
for inactivated biomass than for living biomass. In an alka-
line environment, biodegradation played a key role, allowing
a high removal rate to be achieved despite a sharp decrease
in adsorption rate. We view these behaviors as favorable; the
mechanism of A.flavus ASp1 can adjust not only to the type
of dye but also the external environment. This flexibility is
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desirable for the treatment of dye wastewater of complex
composition under changing conditions.

Effect of initial dye concentration on dye uptake

Figure 4 shows the different effects of initial dye concentra-
tion on the removal of three types of dyes using inactivated
and living biomass separately. A high decolorization rate
for DB71 and DB86 at concentrations below 500 mg/L was
achieved with whichever kind of cell, living cell, or inacti-
vated biomass, which reinforces the critical role of biosorp-
tion in decolorization from the other side. Figure 4 also
shows that the absorptive capacity for these two dyes was
reached at 1000 mg/L, which is consistent with the higher
decolorization attained with living biomass than with inacti-
vated biomass at concentrations above 500 mg/L. For RB19,
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Fig.4 Effects of initial dye concentration on dye decolorization by
living and inactivated ASp1 biomass: a Direct Blue 71; b Direct Blue
86; ¢ Reactive Blue 19 (pH 5.0; T=39 °C)

the absorptive capacity was far lower than that for the other
two dyes, and saturation was reached at 250 mg/mL. Accord-
ingly, the decolorization rate was higher for living biomass
than for inactivated biomass over the entire concentration
range. These findings are in agreement with those discussed
in the previous section and demonstrate that the mechanism
of A. flavus ASp1 can adjust to the external environment.

When active biomass is employed to treat wastewater
with a high concentration of dye, strain growth is easily
inhibited by the dye toxicity. A summary of the literature in
which fungi are employed for the treatment of dyes is pro-
vided in Table 3. Compared with previously studied strains,
which were generally effective at low concentrations, strain
A. flavus ASpl worked well at high dye concentrations. The
decolorization rate reached 75.8 and 89.8% at 1000 mg/L
of DB71 and DBS6, respectively, and it reached 72.5% at
500 mg/L of RB19. The above results indicate that A. fla-
vus ASpl has obvious advantages for decolorizing highly
concentrated dye wastewater and is suitable for meeting the
requirements of actual wastewater treatment.

Decolorization of mixed-dye solution

To understand the ability of a strain to treat actual waste-
water, some researchers have studied the removal of mixed-
dye effluent; examples include the study of eight Trametes
versicolor-degraded azo dyes [38] and the biodecolorization
of Direct Red-80 (DR-80) and Mordant Blue-9 (MB-9) by
Phanerochaete chrysosporium [39]. Since strain A. flavus
A5p1 showed good decolorization ability for a single dye,
we tested its ability to decolorize a mixture of dyes. The
results in Fig. 5 show that A. flavus AS5p1 yielded a decol-
orization rate of 98.8, 90.5, and 78.5% at initial mixed-dye
concentrations of 0.3, 0.5 and 0.6 g/L, respectively, indi-
cating high efficacy. Due to the complexity of the mixture

Table 3 Results of dye

B . . Fungi Dye References
decolorization by live fungi

Name Concentration Removal(%)
Aspergillus flavus Reactive Blue 19 0.5% wlv 99.0% [1]
Aspergillus flavus SA2 Drimarene Blue 50 mg/L 71.3% [21]
Aspergillus flavus Reactive Red 198 50 mg/L 84.9% [25]
Phanerochaete sordida Reactive Black 5 100 mg/L >50.0% [34]
Escherichia coli IM109 Direct Blue 71 150 mg/L 81.7% [35]
Myrothecium roridum Malachite Green 10 mg/L >90.0% [36]
Bacillus aryabhattai Reactive Blue 19 50 mg/L. 22.8+0.5% [37]
DC100
Aspergillus flavus ASpl Reactive Black 5 100 mg/L 100.0 This study

Malachite Green 100 mg/L 74.2

Reactive Blue 19 500 mg/L 72.5

Direct Blue 86 1000 mg/L 89.8

Direct Blue 71 1000 mg/L 76.4
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Fig.5 Decolorization of mixed-dye wastewater by live AS5pl
at different initial dye concentrations (Cyx aye 0.3 g/L=Cppy
0.1 g/L+Cppg 0.1 g/L+Crpe 0.1 g/L; Cyiy qye 0.5 &/L=Cppyy
0.2 g/L+Cppgs 0.2 g/L+Cgrpye 0.1 g/L; Cyx aye 0.6 &/L=Cppyy
0.2 g/L+Cppgg 0.3 g/L+Cgrp9 0.1 g/L; pH 5.0; T=39 °C)

system, future work might include removal kinetics, reactor
design, and operation and other factors. Such efforts may
enable A. flavus A5p1 to be used in a decoloring technique
for real wastewater.

Conclusions

The present study demonstrated the high potential of strain
AS5pl of Aspergillus flavus for decolorization of a wide
range of dye substrates. The decolorization mechanism was
very flexible, enabling the strain to adapt to a variety of
environments involving different pH conditions and dye con-
centrations and attain decolorization via both adsorption and
biodegradation. The studied strain should be viewed as a
promising candidate for the biotechnological treatment of
industrial color effluents.
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