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Abstract: The current study was performed to optimize three different industrial textile effluent
biodegradation potentials of a brown rot fungus, Piptoporus betulinus IEBL-3, to reduce environmental
pollution. The Response Surface Methodology under the Box Bhenken Design was used for the
optimization steps. Three ligninolytic enzymes named lignin peroxidase, manganese peroxidase
and laccase were also studied during the biodegradation process. The biodegradation rate of the
3 industrial effluents varied between 67 and 76% at the initially optimized conditions. There was a
10%, 7% and 9% increase in the biodegradation of Mujahid textile (MT), Five Star textile (FST) and
Sitara textile (ST) effluent, respectively, after the addition of various additional carbon and nitrogen
sources in different ratios. The biological treatment decreases the Biological Oxygen Demand and
Chemical Oxygen Demand values of the effluents well below the WHO-recommended values for the
industrial effluents. The HPLC monitoring of the effluent’s biodegradation showed the appearance
of new peaks, some of which may correspond to secondary amines. Study of ligninolytic enzymes
during the biodegradation process confirmed their role in the biodegradation process, with lignin
peroxidase having highest activity among the others. These findings suggest that P. betulinus is a
potential fungus for the biodegradation of the dyes and effluents and can be a suitable candidate for
this process.

Keywords: Piptoporus betulinus; biodegradation; Response Surface Methodology; ligninolytic
enzymes; industrial effluent

1. Introduction

During last two decades, the textile industry has been revolutionized much due to
an increase in the world population. To meet the demand, there was an increase in the
production of synthetic dyes, having chemical stability and color variation [1]. During
their application, about 20% of dyes released into the environment are effluent, being
stable and resistant to the degradation [2], but dyes remain in the environment for a long
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period of time and are a source of environmental pollution as well as health hazards [3,4].
Researchers are continuously working on the development of techniques for the treatment
of these effluents. The physical and chemical degradation techniques are not preferred
because these are costly and not environmentally friendly [5]. There is much focus on the
development of cost-effective biological treatment methods for industrial effluents [6,7].

Biological treatment of dyes involve the application of microbes i.e., bacteria and fungi
or their enzymes to degrade the dyestuff. Fungi can survive under strict environmental
conditions and are preferred for the biodegradation process [8,9]. Brown rot fungi (BRF) is
a group of wood decaying fungi that produced non-specific ligninolytic enzymes including
lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase, which hydrolyze and
modify the cell wall of plants. These extracellular enzymes of BRF are also reported
to degrade the dyes/coloring agents present in textile industrial effluents [2,10]. The
exploration of new microbes having dyes/effluents biodegradation potential will be very
important for the protection of the environment from pollution. In the current study, the
biodegradation potential and ligninolytic enzyme production ability of P. betulinus IEBL-2
was monitored and optimized with three industrial effluents. Effectiveness of the biological
process was checked by performing an HPLC of the treated and untreated effluents and
by the determination of BOD and COD after the treatment. The biodegradation process
shall be considered successful and efficient if it results in the reduction of BOD and COD of
treated effluents below the WHO recommended level (i.e., 80 mg/L for BOD and 250 mg/L
for COD).

2. Methodology

Chemicals and Reagent: 2,2’-azino-bis3-ethylbenzothiazoline-6-sulfonic acid (ABTS),
Manganese sulfate and veratryl alcohol were of Sigma-Aldrich and purchased from the
local supplier. Ligninolytic enzymes (Laccase, lignin peroxidase and manganese perox-
idase) were produced from P. betulinus IEBL-3. Untreated industrial effluents (Mujahid
textiles (MT), Sitara Textiles (ST) and Five Star Textile (FST) were collected from the local
industrial units. All other chemicals used for the enzymatic assay, media preparation were
of analytical grade, for HPLC analysis chemicals were of HPLC grade and purchased from
local chemical supplier.

Fungal collection, isolation and maintenance: P. betulinus IEBL-3 was obtained from
the IEBL Laboratory, Department of Biochemistry Arid Agriculture University Rawalpindi.
It was isolated and maintained on the malt extract agar media having pH 5.5. The culture
plates were streaked aseptically with a loop full of fungal spores from the pure culture
obtained from IEBL. The plates were rapped and put in an incubator at 30 °C for 4 days.
The culture obtained after day 4 was used to prepare the broth culture. Agar-less malt
extract broth media (malt extract 20 g/L, glucose 20 g/L, peptone 3 g/L and distilled
water) was prepared in a flask, inoculated aseptically and placed in a shaking incubator
for 3-4 days. The fungal spores in the broth were maintained at 1 x 107 to 10? spores/mL
and monitored with a Biomass Monitor (ABER-220). It was used for the biodegradation of
effluents [11].

Biodegradation of textile effluents: Considering the dyes biodegradation potential
of P. betulinus IEBL-3 [12] the biodegradation of industrial effluents was optimized in the
current study for expanding its industrial applications. For this, 90 mL of effluent was taken
in a 250 mL flask, mixed with 10 mL broth media and fungal inoculum, and the effluent
concentration was maintained as mentioned in Table 1. The experimental mixture was put
on a shaking incubator at 120 rmp for a specified time period (Table 1). The absorbance
was checked before and after the experiment at Amax of each effluent by withdrawing
2 mL of the sample from the mixture. The biodegradation process was optimized at two
stages with a variation of physical and nutritional parameters by using the Response
Surface Methodology (RSM) under the Box Bhenken Design (BBD) [5]. At each stage five
parameters were optimized simultaneously, and experiments were designed using the JMP
software [13].
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Table 1. Experimental design for the optimization of physical parameters during the biodegradation
of effluents (Conc. are in % age by Volume).

Fungal

Fungal

No. pH Il?oculum Days Fl;?g)p ) gof If\l:e(x:/:) No. pH Ir.loculum Days Fl;?g)p ) CE:I?:e(I:/(t’)
Size (mL) Size (mL)
8.0 6.0 02 32.5 0.030 6.0 6.0 05 32.5 0.030
4.0 6.0 02 325 0.030 6.0 6.0 05 32.5 0.030
8.0 6.0 05 325 0.010 6.0 6.0 02 32.5 0.010
4.0 6.0 05 40.0 0.030 8.0 6.0 05 32.5 0.050
4.0 6.0 05 325 0.010 6.0 6.0 02 40.0 0.030
6.0 2.0 08 325 0.030 4.0 6.0 05 32.5 0.050
4.0 10.0 05 32.5 0.030 6.0 6.0 08 32.5 0.010
6.0 6.0 05 40.0 0.050 6.0 10.0 05 32.5 0.010
6.0 6.0 05 32.5 0.030 6.0 6.0 08 25 0.030
4.0 6.0 05 25.0 0.030 8.0 6.0 05 40.0 0.030
6.0 6.0 02 25.0 0.030 6.0 10.0 05 40.0 0.030
6.0 2.0 05 32.5 0.010 6.0 2.0 05 25.0 0.030
8.0 6.0 08 32.5 0.030 6.0 10.0 05 25.0 0.030
6.0 6.0 02 32.5 0.050 6.0 6.0 08 40.0 0.030
4.0 2.0 05 32.5 0.030 6.0 10.0 02 32.5 0.030
6.0 10.0 08 32.5 0.030 6.0 2.0 05 32.5 0.050
6.0 10.0 05 32.5 0.050 6.0 6.0 05 32.5 0.030
8.0 2.0 05 325 0.030 6.0 6.0 05 25.0 0.050
6.0 2.0 05 40.0 0.030 6.0 2.0 02 32.5 0.030
6.0 6.0 05 25.0 0.010 6.0 6.0 05 32.5 0.030
6.0 6.0 05 325 0.030 6.0 6.0 05 40.0 0.010
8.0 6.0 05 25.0 0.030 6.0 6.0 08 32.5 0.050
4.0 6.0 08 32.5 0.030 8.0 10.0 05 32.5 0.030

The MT effluent has a burgundy color, Amax = 513 nm and initial pH 10.92. The FST
effluent has dark blue color, Amax = 642 nm and initial pH 10.45. Finally, the ST effluent
has dark red color, Amax = 518 nm and initial pH 13.32. For the biodegradation process,
the pH was adjusted in an acidic range by adding acid.

Optimization of physical parameters: The fungal growth and its biodegradation
potential is associated with certain factors such as pH, temperature, time period, dye conc.
and fungal inoculum size [14]. These parameters were optimized simultaneously by using
RSM under BBD. The experimental design results in 46 experimental combinations with
six central points (Table 1).

Optimization of nutritional parameters: The presence of nutrients increases the
growth of the strain, and, as a consequence, the biodegradation (co-metabolic biodegrada-
tion) process may be enhanced. To check this, two carbon sources (i.e., glucose and fructose)
and three nitrogen sources (i.e., ammonium sulfate, ammonium nitrate and ammonia) were
added simultaneously as a mixture in the biodegradation medium. There were 46 with
6 central points, under BBD and all were run in triplicate (Table 2) [15,16].

Table 2. Experimental design for the optimization of nutritional parameters during the biodegrada-
tion of effluents (Conc. are in % age by weight).
Glucose Fructose A.mm' Amm. o onia Glucose Fructose A.mm' Amm. -, onia
No. (%) (%) Nitrate  Sulfate (%) No. %) (%) Nitrate  Sulfate (%)
(%) (%) (%) (%)
1.50 1.50 1.50 1.50 1.50 1.00 2.00 1.00 1.00 2.00
2.00 2.00 2.00 2.00 2.00 2.00 1.00 1.00 2.00 1.00
1.00 1.00 1.00 1.00 1.00 2.00 1.00 2.00 1.00 2.00
1.00 1.00 1.00 1.00 2.00 1.00 1.00 1.00 1.00 1.00
1.00 1.00 1.00 2.00 2.00 2.00 1.00 1.00 1.00 2.00
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Glucose Fructose A.mm. Amm. Ammonia Glucose Fructose A.mm. Amm. Ammonia
No. (%) (%) Nitrate  Sulfate (%) No. (%) (%) Nitrate  Sulfate (%)
(%) (%) (%) (%)
1.00 1.00 2.00 2.00 2.00 1.00 2.00 1.00 2.00 1.00
1.00 2.00 2.00 2.00 2.00 2.00 1.00 2.00 2.00 1.00
2.00 1.00 1.00 1.00 1.00 1.00 2.00 2.00 2.00 1.00
2.00 2.00 1.00 1.00 1.00 2.00 2.00 1.00 2.00 2.00
2.00 2.00 2.00 1.00 1.00 1.00 2.00 2.00 1.00 2.00
2.00 2.00 2.00 2.00 1.00 2.50 1.50 1.50 1.50 1.50
2.00 1.00 2.00 1.00 1.00 1.50 1.50 1.50 1.50 0.50
2.00 2.00 1.00 1.00 2.00 1.50 1.50 1.50 2.50 1.50
1.00 2.00 1.00 2.00 2.00 1.50 1.50 1.50 0.50 1.50
1.00 1.00 2.00 1.00 2.00 0.50 1.50 1.50 1.50 1.50
2.00 1.00 1.00 2.00 2.00 1.50 1.50 0.50 1.50 1.50
2.00 2.00 2.00 1.00 2.00 1.50 2.50 1.50 1.50 1.50
1.00 1.00 1.00 2.00 1.00 1.50 1.50 2.50 1.50 1.50
1.00 2.00 2.00 1.00 1.00 1.50 1.50 1.50 1.50 2.50
2.00 1.00 2.00 2.00 2.00 1.50 0.50 1.50 1.50 1.50
1.00 1.00 2.00 2.00 2.00 1.00 1.50 1.50 0.50 1.00
2.00 2.00 1.00 1.00 1.00 1.50 1.00 1.00 1.50 0.50
2.00 2.00 1.00 2.00 1.00 0.50 0.50 1.00 1.00 1.50

Study of ligninolytic enzymes: Three ligninolytic enzymes, i.e., LiP, MnP and Laccase,
were studied during the biodegradation optimization, to check their role in the process.
Lignin peroxidase activity assay was performed by the method of [17] by using veratryl
alcohol (3,4-dimethoxybenzylalcohol) as a substrate. The reaction mixture contained 1 mL
of tartarate buffer (100 mM, pH = 4), 1 mL veratryl alcohol and 500 uL H,O; (0.2 M). The
reaction started after the addition of 100 pL of biodegradation mixture as an enzyme sample.
The blank contained distilled H,O instead of enzyme sample. The activity was measured
by taking the absorbance after the interval of 10 min at 310 nm and was calculated by using
following formula.

A=€310 X ¢ X L

€310=9300 M lem™!

where:

€= molar extinction coefficient,

¢ = concentration,

A = absorbance,

L = path length.

Manganese peroxidase activity assay was performed by the method described by [18].
Manganese sulfate (MnSO4) was used as a substrate and H,O, as an oxidizing ag/ ent.
The reaction mixture consisted of 1 mL of MnSQOy, 1 mL sodium melonate buffer (50 mM,
pH =4.5) and 500 uL H,O,. The addition of 100 pL of enzyme solution started the reaction.
The complex products were monitored spectrophotometrically at 270 nm initially and after
10 min. The activity of MnP was calculated by using following formula.

A=€270 X ¢ X L

€270 =11,590 M~ lem !

Laccase activity assay was performed by the method reported by [19] by using ABTS
as substrate. Laccase activity assay was performed by mixing 1 mL ABTS solution in 1 mL
of sodium melonate buffer (50 mM, pH = 4.5) and a 100 uL enzyme sample. The absorbance
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was noted at 410 nm initially and after 10 min. The difference in absorbance was used to
calculate the laccase activity by using following formula.

A=€436 X ¢ X L

€436 = 36,000 M lem ™!

Determination of efficiency of biodegradation process: To monitor the efficiency of
P. betulinus IEBL-3 during biodegradation and to check the efficacy of the process, BOD and
COD values were measured before and after the treatment.

Determination of BOD: The Biological Oxygen Demand was measured for 5 days by
following the method reported by [20] and described earlier in [16]. The effluent under
observation was packed in an airtight bottle for 5 days, and dissolved oxygen was measured
initially as well as at the last day. The oxygen taken during these days was oxygen used by
microorganisms for the biodegradation of the material. The BOD was calculated by the
following formula:

BOD:s = Initial dissolved oxygen - Final dissolved oxygen (after 5 days)

Determination of COD: The COD value of effluent gives information about the
oxygen required to oxidize total organic material. Determination of COD involves the
oxidation of organic material in the effluent with a strong oxidizing solution/digestion
solution (K;Cr,O7, HgSO4 and (98%) H,SO4). A catalyst solution was used to enhance the
oxidation process, which comprised of 10 g of Ag;SO4 in 500 mL of H,SO4. To determine
the value of COD in effluents, 1.5 mL of digestion mixture was placed in a closed vial along
with 3.5 mL of catalyst solution and 2.5 mL of effluent at 150 °C in an oven for 2 h. The
values of COD were estimated by taking the absorbance at 600 nm. The blank consisted of
all solutions except effluents, while Potassium hydrogen phthalate (KHP) was used as the
standard. The standard solution of 425 ppm concentration gave a 500 mg O, /L COD value.

It was calculated by the procedure described by [20]. The COD was calculated by
following formula:

COD = Standard factor X Absorbance at 600 nm
where:
Standard factor = Concentration of standard/ absorbance of standard

HPLC analysis of the industrial effluent: HPLC analysis of the untreated and treated
effluents was performed to monitor the products during the biodegradation of textile
industrial effluents. The treated samples with maximum biodegradation at the most
suitable conditions were selected for the HLPC analysis. The HPLC was performed on the
model SHIMAZDU LC-20AT with a C-18 column having a length of 25 mm and a 4.6 mm
diameter. It was performed in the isocratic mode with a 1 mL/minute flow and a reverse
phase mode. Acetonitrile to water (H,O) with a ratio of (60:40) was used as solvent system,
while 20 pL of the sample was injected for the analysis of each sample with a detection
wavelength set at 254 nm [21,22]. Retention time (fr) was used to identify the compounds
in the sample by comparing with the retention time of the standards. The stock solutions of
the standards were prepared having a concentration of 0.1 mg/mL and injected volume of
20 pL.

3. Results and Discussion

In a previous study we reported that P. betulinus IEBL-3 has a very good potential of
biodegradation of vat textile dyes [17]. Vat dyes are a group of textile dyes named such
because of the use of a bucket or vat during their dyeing process during the old times. It
gave 66-70% and 47-59% biodegradation of vat and disperse textile dyes, respectively,
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after initial screening experiments. The biodegradation of vat dyes was enhanced above
80% after the optimization of conditions by using P. betulinus IEBL-3. Considering the

previous results, in the current study this fungus was used for the biodegradation of
Five Star Textiles (FST).

three different untreated textile effluents, Mujahid Textiles (MT), Sitara Textiles (ST) and

Optimization of physical parameter for biodegradation: The process of biodegrada-
tion depends on the fungal growth in the mixture which is dependent on various physical
parameters including pH, temperature, time period, dye concentration and fungal inocu-

lum size. The effect of all five parameters on the biodegradation of three effluents was
checked by employing RSM. The results obtained were used to generate the 3D graphs,

showing the influence of every parameter on biodegradation and also the interaction of

these parameters with each other during the process. The results showed that 76.20 £ 1.4%
biodegradation of MT effluent was obtained at pH 5.2, a time period of 08 days, a size of

inoculum 6.40 mL, temperature 26.90 °C and dye concentration 0.04%. There was positive

interaction between all the parameters during the biodegradation process as indicated by
the 3D response surface graphs (Figure 1) [15]. The significant effect of these parameters
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on the biodegradation process was confirmed by statistical analysis and indicated by low
p value (p > 0.001), high F. ratio (26.48) and high R? value (R? = 95.70%).
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Figure 1. The 3D response surface graphs of interaction between parameters during the bio-
degradation of MT industrial effluent by P. betulinus IEBL-3; there is positive interaction between
(a)—pH and size of inoculum (b)—pH and time (c)—size of inoculum and temp. (d)—size of in-

oculum and dye conc. (e)—temp. and dye conc. (f)—statistical analysis (* indicate significance
of value).

There was almost 72.09 £ 1.2% biodegradation of FS industrial effluent, and the most
suitable conditions were pH 5.6, time of 08 days, size of inoculum 6.60 mL, temp. 27.09 °C

and dye concentration 0.038%. The biodegradation obtained was the combinatorial effect

of all of the five parameters under study, indicated by the 3D graphs obtained from the
results (Figure 2). There was a significant effect on all the parameters on the biodegradation,

which was also confirmed by a low p value (p > 0.001), high E. ratio (30.86) and high
R? value (R? = 96.40%) [4].

oy ESTE by 1EBL3

(%)

giodegradatio”

Figure 2. Cont.




Appl. Sci. 2022,12,1090

8of 17

()
Source DF Sumof Mean FRatio
Squares Square
Model 20 21697976 1084.90 30.8653
Error 25 878736 3515 Prob > F
C.Total 45  22576.712 <0.0001*
R2=96.53 %

Figure 2. The 3D response surface graphs of the interaction between parameters during the bio-
degradation of FST industrial effluent by P. betulinus IEBL-3; there is positive interaction between

(a)—pH and time (b)—pH and temp. (c)—size of inoculum and time (d)—size of inoculum and dye
conc. (e)—time and dye conc. (f)—statistical analysis (* indicate significance of value).

During the current study, there was 67.10 & 1.2% bio-degradation of ST industrial
effluent obtained. The most favorable conditions were pH 5.4, time of 08 days, size of
inoculum 6.06 mL, temperature 26.90 °C and dye concentration 0.04%. The analysis of
3D graphs indicated that the maximum biodegradation achieved was the result of the

positive and combinatorial effect of all five parameters (Figure 3). The significant effect

of all parameters on the process of biodegradation of ST effluent was confirmed by the
statistical analysis and indicated by a low p value (p > 0.001), high F. ratio (32.42) and high
R? value (R? = 96.50%) [3].

3
A

@
)
e

s
LRSS

(%), STIE by 1EB-

4,
B0

B’lodeqfadanon

Figure 3. Cont.



Appl. Sci. 2022,12,1090 90f17

R,
sy
R

(550 0:.\: SRS
“‘&t‘.‘

O““:‘

i
s

(f)

Source  DF  Sum of Mean F Ratio
Squares Square

Madel 20 1740092 870010 324206

Error 25 670877 26835  Prob>F

CTotal 45 18071068

s
%
a7t

g,
i,
s
Gente, ",
s,
G

R2=96.40%
*reflects highly significant values of data
set

Figure 3. The 3D response surface graphs of interaction between parameters during the bio-
degradation of ST industrial effluent by P. betulinus IEBL-3; there is positive interaction between
(a)—pH and size of inoculum (b)—pH and temp. (c)—size of inoculum and time (d)—size of
inoculum and temp. (e)—temp. and dye conc. (f)—statistical analysis.

Optimization of nutritional parameters for the biodegradation: The presence of nu-
trients (carbon and nitrogen sources) in addition to media may support fungal growth
in the presence dyestuff and will lead to an enhanced biodegradation process. Five car-
bon and nitrogen sources selected on the basis of previous studies (Table 2) were added
simultaneously as a mixture and their effect on the biodegradation was monitored. The
physical parameters were used as mentioned above for each of the effluents. The results
confirmed that there is a significant increase in the biodegradation of all three textile
industrial effluents after the addition of additional C and N sources [13,15].

There was almost a 10.00% increase (76.23 = 1.43% to 86.17 &£ 1.02%) in the biodegra-
dation MT industrial effluent after the addition of carbon and nitrogen sources in the
biodegradation mixture (Figure 4). The 3D response surface graphs indicated the positive
response between different nutrients which lead to enhanced biodegradation of the efflu-
ents. The increase in the biodegradation was almost 7.00% (72.09 = 1.22% to 79.14 + 1.12%)
in the FST industrial effluent (Figure 5). There was a 9.00% increase (67.16 £ 1.24% to
76.22 £ 1.16%) observed in the biodegradation of the ST industrial effluent after the addi-
tion of carbon and nitrogen sources in different ratios (Figure 6). Further analysis of the
3D response surface graphs showed that biodegradation increased when there was a low
and equal amount (1:1) of all carbon and nitrogen sources present in the biodegradation
mixture [15,22]. Presence of carbon sources up to 2.20% and nitrogen sources up to 1.20%
(except ammonia) showed a positive effect on the biodegradation process. There was a de-
crease in the biodegradation% when ammonia was more than 1.25% in the biodegradation
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mixture. A higher concentration of ammonia than certain limits causes stress, which leads
to lower microbial growth [23]. This may be due to the inhibitory effect of ammonia on
proteins involved in microbial growth by degrading nutrients. Similarly, there is a lower
biodegradation% in the current study at a higher ammonia concentration, possibly due to
the inhibitory effect on enzymes involved in the process [4]. Further, additional nutrients in
the media increased the biodegradation process only when present in the right amount and
ratio; otherwise, it leads to the instability of the enzymes and lowers the biodegradation.
There are other studies that have reported the positive roles of various carbon and nitrogen
sources in the biodegradation of different dyes [13,24].

e 5 a1 4 (d)
(C) ~ su\‘lafe\ 2 i "”f)zg,,
15

Source DF  Sumof MeanSquare FRatio
Squares

Lack Of Fit 20 1501.2884 150644 132737

Pure Error 5 282756 56551 Prob>F

Total Error 25 15295641 00047"
MaxRSq
09%1

R2=99.61%

Figure 4. Response surface 3D graphs showing effect of carbon and nitrogen sources on the biodegra-
dation of Mujahid Textile (MT) industrial effluent by P. betulinus IEBL-3; graphs represent positive
interaction between (a) fructose and glucose, (b) ammonium nitrate and fructose and (¢) ammonia and
ammonium sulfate. (d) Statistical analysis indicating the significant effect of parameters (* indicate
significance of value).
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Figure 5. Response surface 3D graphs showing effect of carbon and nitrogen sources on the biodegra-
dation of Sitara Textile (MT) industrial effluent by P. betulinus IEBL-3; graphs represent positive
interaction between (a) ammonium nitrate and glucose, (b) ammonium sulfate and fructose and (c)

ammonia and ammonium nitrate. (d) Statistical analysis indicating the significant effect of parameters
(* indicate significance of value).
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Figure 6. Response surface 3D graphs showing effect of carbon and nitrogen sources on the biodegra-
dation of Five Star Textile (MT) industrial effluent by P. betulinus IEBL-3; graphs represent positive
interaction between (a) ammonia and fructose, (b) ammonia and a. nitrate and (c) a. sulfate and a.
nitrate. (d) Statistical analysis indicating the significant effect of parameters.

Study of ligninolytic enzymes during biodegradation: Fungi have a non-specific
ligninolytic enzyme system; they produce these enzymes in response to nutrients in the
surrounding. The dyes have aromatic structures and induce the production of ligninolytic
enzymes, which lead to dye oxidation and degradation [2].

The ligninolytic enzymes including lignin peroxidase (LiP), manganese peroxidase
(MnP) and laccase were studied parallel to the biodegradation during each optimiza-
tion step. It was observed that the activities of all three ligninolytic enzymes were in-
creased with their increase in the biodegradation process. These findings confirmed the
involvement of these enzymes in the biodegradation of textile effluents. After the opti-
mization of physical parameters, maximum activities were 831.65 & 5.43 UmL ™~ 'min~!,
609.86 +2.98 UmL ™ 'min~! and 325.27 + 4.12 UmL~'min~! for LiP, MnP and laccase,
respectively. The increase in the activities were observed after the addition of carbon
and nitrogen sources that cause an increase in the biodegradation of the effluents. The
enzymatic activities were 925.54 + 4.98 UmL !min~!, 687 4+ 3.21 UmL 'min~! and
398.20 & 2.34 UmL~!'min~" for LiP, MnP and laccase, respectively. These results suggest
the role of ligninolytic enzymes of P. betulinus IEBL-3 in the biodegradation of the textile
industrial effluents. A higher enzymatic activity of LiP indicated that this enzyme has a
more active role in the biodegradation of industrial effluents under the study compared
to the other two enzymes [25,26]. The ligninolytic enzymes were involved in the oxi-
dation of phenolic substrates, which are part of the dyes in the effluents. The oxidized
products of phenolics dyes act as a substrate for other enzymes, which are produced in
fewer amounts by the fungi [27]. Kunjadia et al. [27] also reported the biodegradation of
dyes by ligninolytic enzymes from fungi and found that there was an enhancement in the
biodegradation with an increase in enzymatic activity. The azo dyes are decolorized by
ligninolytic enzymes produced by fungi when the mixture is supplemented with optimized
conditions. This decolorization is achieved by the oxidative degradation of dyes contents
in the mixture by ligninolytic enzymes including LiP, MnP and laccase [3,28].

HPLC analysis of the effluents: During the biodegradation process, fungi degrade
the complex dyes by an oxidation process, absorbing some into its biomass or mineralizing
them into resultant elements. To monitor this, HPLC was performed before and after the
biological treatment of the effluents by P. betulinus IEBL-3. There were three secondary
amines available as standards, i.e., N-methylaniline, 3-methyldiphenylamine and pheny-
lamin (Figure 7). Monitoring of the industrial effluents by HPLC showed a degradation
of the dyes and the apparition of new peaks. Some of them may correspond to smaller
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molecules such as N-methylaniline, 3-methyldiphenylamine and phenylamine, while oth-
ers remain unknown (Figures 8-10) [29]. The current findings indicated that P. betulinus
IEBL-3 has the ability of biodegrading textile industrial effluent under optimized conditions
and can be used for wastewater treatment at industrial scale. The degradation or miner-
alization of dyes in the effluents is due to the activity of ligninolytic enzymes including
manganese peroxidase, lignin peroxidase and laccase. These enzymes are secreted by the
BRF in response to the dyes and may degrade or completely mineralize them into less
or non-toxic forms [26,30,31]. The microbial biodegradation of effluents degrade most of
the dyes while producing the other less toxic amines in small quantity [32]. The previous
studies indicate that the secondary amines produced during the current study have a very
low toxicity [33].
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Figure 7. HPLC chromatogram of standard secondary amines (A)—N-methylaniline (tg = 3.570 min)
(B)—3-Methyldiphenylamine (fg = 3.870 min) and (C)—Diphenylamine (fg = 3.690 min).
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Figure 8. HPLC chromatogram of MTIE (A)—untreated sample (B)—treated sample, peak 1
for N-methylaniline (g = 3.570 min) and peak 2 (tg = 4.001 min) and 3 (fg = 4.839 min) for
unknown compound.
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Figure 9. HPLC chromatogram of FSIE (A)—untreated sample (B)—treated sample, peak 1 for
N-methylaniline (tg = 3.570 min) and peak 2 (fg = 4.679 min) for unknown compounds.
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Figure 10. HPLC chromatogram of STIE (A)—untreated sample (B)—treated sample, peak 1 for
diphenylamine (tg = 3.690 min) and peak 2 (tg = 4.720 min) for unknown compound.

Biological oxygen demand (BOD) and Chemical oxygen demand (COD): The textile
industrial effluents have higher values of BOD and COD than recommended by the WHO,
i.e., below 80 mg/L for BOD and 250 mg/L for COD, due to the high concentration of the
chemicals and contaminants in them. The initial values of BOD were 358 mg/L, 347 mg/L
and 412 mg/L for MT, ST and FST industrial effluents, respectively, while, the initial values
of COD were 1032 g/L, 1176 mg/L and 1237 mg/L for MT, ST and FST Industrial effluents,
respectively.

The reduction in BOD and COD, respectively, after the optimization of physical
parameters were 48.32% and 56.20% for the MT effluent, 44.09% and 56.46% of the ST
effluent and 47.81% and 56.10% of the FST effluent. After optimization of nutritional
parameters, the biodegradation process was enhanced, and there was further reduction in
the BOD and COD values of each effluent. The reduction of BOD and COD, respectively,
were 86.31% and 82.94% for the MT effluent, 83.57% and 81.03% of the ST effluent and
82.76% and 79.70% of the FST effluent. The process of the biodegradation reduced the
values within recommended values, which confirmed the significance of this process. High
BOD and COD make aquatic life difficult, while a reduction in these values make water
suitable for aquatic life [15].

4. Conclusions

Industrial effluents are the major cause of the water and environmental pollution.
There is a need to develop economic strategies for effluents treatment. Biological treatment
processes are more reliable compared to physical and chemical methods. During the cur-
rent study, it was observed that P. betulinus, a brown rot fungus, and causes almost 80%
biodegradation of textile industrial effluents after the optimization of various parameters.
The fungus also produces highly active ligninolytic enzymes including LiP, MnP and Lac-
case during the process, from these LiP being the most active. The biodegradation process
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reduces the BOD and COD values of the effluents well below the WHO recommended
values, indicating that the process is quite efficient.
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