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Abstract

The thermophilic bacterium, Bacillus licheniformis U1 is used for the optimization of bacterial
growth (R1), laccase production (R2) and synthetic disperse blue DBR textile dye decolori-
zation (R3) in the present study. Preliminary optimization has been performed by one vari-
able at time (OVAT) approach using four media components viz., dye concentration, copper
sulphate concentration, pH, and inoculum size. Based on OVAT result further statistical
optimization of R1, R2 and R3 performed by Box—Behnken design (BBD) using response
surface methodology (RSM) in R software with R Commander package. The total 29 experi-
mental runs conducted in the experimental design study towards the construction of a qua-
dratic model. The model indicated that dye concentration 110 ppm, copper sulphate 0.2
mM, pH 7.5 and inoculum size 6% v/v were found to be optimum to maximize the laccase
production and bacterial growth. Whereas, maximum dye decolorization achieved in media
containing dye concentration 110 ppm, copper sulphate 0.6 mM, pH 6 and inoculum size
6% v/v. R package predicted R? of R1, R2 and R3 were 0.9917, 0.9831 and 0.9703 respec-
tively; likened to Design-Expert (Stat-Ease) (DOE) predicted R? of R1, R2, and R3 were
0.9893, 0.9822 and 0.8442 respectively. The values obtained by R software were more pre-
cise, reliable and reproducible, compared to the DOE model. The laccase production was
1.80 fold increased, and 2.24 fold enhancement in dye decolorization was achieved using
optimized medium than initial experiments. Moreover, the laccase-treated sample demon-
strated the less cytotoxic effect on L132 and MCF-7 cell lines compared to untreated sample
using MTT assay. Higher cell viability and lower cytotoxicity observed in a laccase-treated
sample suggest the impending application of bacterial laccase in the reduction of toxicity of
dye to design rapid biodegradation process.
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Introduction

Synthetic dyes and dyestuff extensively use in textile, paper, cosmetic and pharmaceutical
industries. Textile industries in developing countries showed a significant increase in the use
of synthetic organic dyes as the coloring agent. Approximately 10-15% of the dyes release into
the environment during manufacturing process and usage [1]. Nearly, 30-60 g dyestuff along
with 70-150 L water are required to impart the colour in 1 kg of cotton; the wastewater pro-
duced or the process has 20-30% of the applied unfixed reactive dyes, with an average up to a
concentration of almost 2000 ppm and dyeing auxiliaries [2]. So, the waste water of textile
manufacturing unit contains a variety of organic pollutants, among them synthetic dyes are
chief pollutant [3]. Worldwide, 280,000 tonnes of textile dyes are discharged in industrial efflu-
ents every year [4] and cause detrimental effects on environment and health. Dyes include a
broad spectrum of various chemical structures, based on substituted aromatic and heterocyclic
groups such as an aromatic amine (C4Hs-NH,), phenyl (C¢Hs-CH,) and naphthyl (NO,-
OH). A large number of dyes are azo compounds (-N-N-), which are linked by an azo bridge
[5]. In anaerobic environments, azo linkages easily break down and act as an electron acceptor
for reduced flavin nucleotides, and reduction increases with redox mediators [6-9]. Anaerobic
azo dye reduction resulting in the formation of toxic aromatic amines which are not mineral-
ized anaerobically [10], except a few toxic aromatic amines substituted with hydroxyl and
carboxyl groups degrade under methanogen conditions [11]. In contrast to the anaerobic
conditions, aromatic amines easily degrade in aerobic condition [12]. However, azo dyes are
resistant to bacterial attack under aerobic condition [13-17] because the presence of oxygen
usually inhibits azo bond reduction activity. Some selected aerobic bacterial strains possess the
ability to reduce the azo linkage with the help of oxygen catalysed by aerobic azoreductases
and produced aeromatic amines [18-20]. Numerous review articles have summarised the stud-
ies on aerobic bacterial azo dye reduction [21-29]. Bacterial azo dye biodegradation proceeds
in two phases. The first step takes in reductive cleavage of the dyes azo linkages, resulting in
the formation of usually colourless but potentially hazardous aromatic amines remains which
degraded in a second step [30].

The biodegradation mechanism of xenobiotics containing aromatic amines using the
microbial system accomplished through the action of the biotransformation enzymes. Several
reports demonstrated the biodegradation of such complex organic substances by enzymatic
mechanisms, using laccase [31], lignin peroxidase [32], nicotinamide adenine dinucleotide
dehydrogenase—Dichlorophenolindophenol (NADH-DCIP) reductase [33], tyrosinase [34],
hexane oxidase [35] and aminopyrine N-demethylase [36]. These enzymes decolorize azo dyes
without direct cleavage of the azo bonds through a highly non-specific free radical mechanism
and thereby avoiding the formation of toxic aromatic amines [37]. However, in the complete
degradation or decolorization of dye, the cocktail of enzymes are simultaneously produced by
the bacteria. Higher production of multiple enzymes like azoreductase, lignin peroxidase, and
laccase are involved in the Methyl Orange decolorization [38]. Among these enzymes, laccase
widely reported due to their broad substrate specificity.

Many traditional physicochemical processes are available for the removal of color and
pollutants present in the textile wastewater. Adsorption, chemical oxidation, and reduction,
chemical precipitation, flocculation, and photolysis are few conventional methods commonly
used for the decolorization of dye containing wastewater [39-41]. These methods are mostly
ineffective, expensive and produced colossal sludge and by-products. Instead of these tradi-
tional methods, bacterial enzymatic degradation or decolorization have several advantages,
including (i) environmentally-friendly process, (ii) being cost competitive, (iii) producing less
toxic sludge, (vi) yielding end products that are non-toxic or have complete mineralization;
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and (v) requiring less water consumption compared to physicochemical methods [21,42].
However, the effectiveness of microbial mediated dye decolorization is a challenging task
because the process is susceptible to various chemical and physical parameters moreover the
successful decolorization depende on the adaptability and the metabolic activity of the selected
microorganisms.

The most important aspects of microbial decolorization are the formulation of the appro-
priate process medium that favors the growth, enzyme production, and dye decolorization. So,
the optimization of the process parameters become essential to design an effective biodecolori-
zation strategy. Traditional OVAT approach to scaling up the media parameters for responses
by maintaining other involved variables at an unspecified constant level do not show the
pooled effect of all the involved variables. Furthermore, the OVAT method is time-consuming
and requires more experiments to determine optimum levels for each parameter. Statistical
experimental design can overcome these limitations of the classical method and convenient
tool for optimizing production media with significant impact on enzyme production as it can
provide statistical models, which aid in understanding the interactions among the media
parameters at varying levels [43]. Response Surface Methodology (RSM) is an effective optimi-
zation tool which allows simultaneous evaluation of the factors confirmed and their interac-
tions can identify with fewer experimental trials [44]. Box-Behnken design (BBD) is amongst
the most commonly used methodology in various process optimization experiments. BBD
regression model provided an excellent explanation of the relationship between the indepen-
dent variables and the response [45]. The most of commercial softwares, i.e., DOE (Stat-Ease,
Minneapolis, United States of America), JMP (SAS, Cary, North Carolina) and Minitab are
usually expensive and proprietary, whereas; R is an open source software which allows execu-
tion of various statistical techniques and can extend via different packages. So, it offers a broad
range of statistical and graphical techniques with more updated packages. Statistical design of
experiments embedded in R open source software by R-Commander (Rcmdr) package with
RemdrPlugin.DoE plugin [46,47]. The package provides a platform-independent Graphical
User Interface (GUI) to design experiments. Statistical design functionality can access through
the menu design that added to the Remdr menu. In the present research, DOE and R package
compared mainly for modelling perspective. To the best of our knowledge, there are no reports
on the use of statistical design of R package for optimization of three responses simultaneously.
We also emphasized R software package’s sensitivity analysis and its usefulness in the optimi-
zation process through the validation approach.

This study aims to optimize the medium composition mainly required for growth of isolate,
the laccase production and dye decolorization by a Bacillus licheniformis U1 strain using R
open source software with R Commander (Remdr) package.

Materials and methods
Chemicals

Syringaldazine (N, N’-bis (3, 5- dimethoxy-4-hydroxybenzylidene hydrazine)) was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Disperse Blue DBR (C.I. Disperse Blue 366) (Fig 1)
acquired from the famous textile market of Surat, Gujarat, India. All other chemicals and
reagents were of analytical grade. Cell lines obtained from National Centre for Cell Science
(NCCS), Pune. India.

Source of microorganism

Bacterial strain initially isolated in gelatine casein medium as a potent protease producer in
our laboratory from the Unnai hot spring water sample, Unnai, South Gujarat. The strain was
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Fig 1. Chemical structure of disperse blue DBR.
https://doi.org/10.1371/journal.pone.0195795.g001

identified based on partial gene sequence of 16S rRNA, and the sequence submitted to Gen-
Bank (Accession No. GU979026) [48]. The isolate maintained on nutrient agar, pH 8.0 and
subculture after every 30 days on same solid media.

Screening of isolate for laccase activity

A nutrient agar plate containing 0.216mM of syringaldazine (prepared 0.1 M phosphate buffer,
pH 6.5) as a substrate was used to test the laccase production by isolates. A well bored into the
solid agar plate supplemented with syringaldazine followed by pouring 100pl of overnight
active culture (A = 0.82). The plate was incubated in an incubator at 40°C for three days,
and visual observation was carried out for substrate utilization surrounding bore to confirm
the qualitative screening of laccase activity.

Laccase production and activity assay

The time course of growth and the laccase production studied in Bushnell-Haas (BH) medium
supplemented with 200ppm dye and 0.2% w/v yeast extract and inoculated 10% v/v overnight
grown culture (Agyo = 0.82) followed by incubation at 40°C in shaking condition at 150 rpm.
Periodically, the sample was withdrawn aseptically to test the growth at Ag,o nm, and culture
was harvested by centrifugation at 8000 rpm for 10 min at 4°C. The cell-free extract was used
as a crude preparation of enzyme to measure laccase activity.

The crude enzyme activity was estimated by the Ride’s method using syringaldazine as a
substrate [49]. Exactly 0.5 mL of crude enzyme was added to 2.2 mL of 0.1 M potassium
phosphate buffer (pH 6.5) and parallel blank reaction performed by adding 0.5 mL distilled
water instead of the enzyme in 0.1 M phosphate buffer (pH 6.5). After proper mixing,

0.3 mL of 0.216mM Syringaldazine added and again mixes by inversion and record the
increase in As3o nm for approximately 10 minutes. The A530 nm/min was obtained using
the maximum linear rate for both the test and blank. The enzyme activity was calculated by
formula 1.

A530 2 Test — A530 22 Blank x (df)
(0.001) x (0.5)

Enzyme activity (Units/mL) =

(1)

Where, df = dilution factor, 0.001 = the change in As3, nm/min. per unit of laccase at pH 6.5
at 30°Cin a 3 mL reaction mix and 0.5 = volume (mL) of enzyme used.
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Optimization of growth, laccase production and dye decolorization by
OVAT approach

The OVAT approach used for preliminary screening of various media components influencing
the growth of isolate, laccase production, and dye decolorization. The culture was grown in
250 mL Erlenmeyer flask containing 50 mL BH medium supplemented with 0.2% yeast extract
with variable dye concentration (20-200 ppm), copper sulphate solution (0.2-1 mM), pH (6-
9), and inoculum size (2-6% v/v) incubate at 40°C, 150 rpm for 24 hrs. The medium without
inoculation considered as a control. The difference in growth measured at Ay nm. Laccase
enzyme activity was calculated by Ride’s method as described in an earlier section and dye
decolorization was measured at Ag;4 nm using a spectrophotometer (UV-1800, Shimadzu).
Dye decolorization experiment was carried out using textile dye disperse blue DBR (Amax =
614 nm). Reactions initiated by the addition of bacterial laccase and incubated at 40°C and 150
rpm. Control sample runs in parallel without the addition of bacterial laccase. Percent of dye
decolorization was calculated as the formula 2.

Decolorization (%) = [(Ai — At) / Ai] x 100 (2)

Where Ai: initial absorbance of the dye; At final absorbance of the dye at 10 min time interval
[50].

Optimization and validation of media

The media components parameters profoundly influence the growth of isolates (R1), laccase
activity (R2), and dye decolorization (R3). So, to maximize, these responses, four process vari-
ables, i.e., dye concentration (X;), copper sulphate (X,), pH (X;) and inoculum size (X,) were
used for optimization by Box-Behnken design (BBD) using R package and compared with
DOE.

Box-Behnken design for optimization. After observing the preliminary result of OVAT
experiments, four independent variables such as X;, X,, X5 and X, were identified to test their
effect on responses R1, R2, and R3 using BBD [51]. Each selected variable studied at three lev-
els- low, medium and high coded as —1, 0 and +1 in a total of 29 experiments. The value of var-
iables coded according to the following Eq 3.

xi:%izl,l?;,él (3)
Where x; is the coded value of an independent variable; Xi is the actual value of an indepen-
dent variable; Xo is the actual value of an independent variable at centre point; and AX is the
step change value of an independent variable. Each selected variable was studied at three levels-
low, medium, and high. All the three responses corresponding to the combined effects of four
variables were studied in their specified ranges as shown in Table 1.

Table 1. Levels and code of variables chosen for the Box-Behnken design.

Variables Range and value of variables
-1 0 1
X;: Dye Concentration (ppm) 20 110 200
X,: Copper Sulfate (mM) 0.2 0.6 1
X,: pH 6 7.5 9
X4: Inoculum Size (% v/v) 2 4 6

https://doi.org/10.1371/journal.pone.0195795.t1001
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The role of each variable, their interactions, and statistical analyses in obtaining predicted
yields explained by applying the following second order polynomial quadratic model Eq 4.

Rl = BU + Z lel + Z BQXQ + Z B3X3 + Z B-lx-i + Z B12X1X2 + Z B13X1X3 + Z Bl4X1X4 + Z B23X2X3 (4)
+ Z B24XZX-1 + E BiS4X3X4 + Z BMX12 + E B22X22 + Z B33X32 + E B44X42

Where, R1 is the predicted responses, B offset term (Intercept process effect), B;, B, B3, and By
are linear effects; P12, P13, Pra> P2, B2a and Bs4 are cross product effects, and By y, Baa, B33 and Pyy
are squared effects. The interactions are represented by X, X,, X;X;, X; Xy, X5X3, X,Xy, and
X3X,. This equation represents the quadratic effect of X}, X,, X5, and X,. Similar equations
obtained for other responses R2 and R3.The statistical design performed in R open source soft-
ware with RemdrPlugin.DoE plugin and also carried out in DOE (Academic version 9.0) for
comparison of model’s goodness of fit.

Validation of model. The validity of the chosen polynomial quadratic model, predicted
by R software’s Remdr package was confirmed experimentally with triplicate experiments.

Cytotoxicity evaluation of decolorized dye

The cellular toxicity of laccase-treated and untreated dye samples was evaluated using the
MTT assay [52,53]. This test evaluated the effect of the laccase-treated dye for the cell viability
percentage of two cell lines, i.e., L132 (Human normal lung epithelial) cell line and MCF-7
(breast cancer cell line). The cytotoxicity measured by comparing the absorbance of each well
was recorded at 570nm using a multimode microplate reader (Epoch, BioTek Instrument Ltd).
The untreated cells used as a control for calculating the relative percentage cell viability and
cell toxicity from the following Eqs 5 and 6.

. v .., ABTOOf TS
% Cell Vlablllty = m X 100% (5)

Where, TS is treated sample, and CS is a control sample.

% Cell toxicity = 100 — %Cell Viability (6)

Results and discussion
Source of bacterial strain and identification

Spore-forming-rod-shaped, the Gram-positive bacterium was isolated from the Unnai hot
spring (N 20° 51’ 14.1091" and E 73° 20° 9.4986"), Gujarat, India. The isolate previously identi-
fied as a Bacillus licheniformis U1 [48]. The hot spring is natural thermal habitat, that harbour
diverse thermophilic bacteria and a potential source of thermostable laccase [54,55]. The use
of thermophilic laccase for dye degradation is worth exploring because the dye waste release
from textile industries are usually warm. So, the elevated temperature of waste is suitable for
the catalysis process of laccase. The use of thermophilic laccase is a vital component to estab-
lish bio-based industrial process development, especially for textile industries.

Screening of isolate for laccase enzyme and initial enzyme production

Syringaldazine supplemented nutrient agar plate indicating the halo zone surrounding the
well poured with active culture suggests an ability of an isolate to oxidise syringaldazine by
extracellular laccase production (Fig 2). Syringaldazine considered as a unique substrate for
laccase screening through free radical generation [56]. B. licheniformis Ul has shown
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Fig 2. Zone of syringaldazine oxidation by laccase.

https://doi.org/10.1371/journal.pone.0195795.9002

maximum 186.54 U/mL laccase and dye decolorization was 22.85% after 76 hrs. However, pro-
longed incubation reduced the laccase activity which is due to degradation of laccase by an
extracellular protease.

OVAT optimization of media

Preliminary studies with selected variables (i.e., X;, X,, X5 and X,) using OVAT approach
shown to be important, and found to be persuasive in regulating all responses included in the
study (Table 2). The optimum concentration of all these four factors is essential to design the
biodecolorization of dye, the detail justification given here. Bacteria do not readily utilized the
azo dye and often required the additional organic carbon source to promote the dye degrada-
tion [28]. However, bacteria can grow on azo compounds as a sole carbon source by cleavage
of-N = N-bonds reductively and utilise amines as the source of carbon and energy for their
growth. McMullan et al. (2001) reported the aerobic growth of Xenophilus azovorans KF 46
and Pigmentiphaga kullae K24 using carboxy orange I and carboxy orange II, respectively [27].
The high tolerance of dye is one of the chief criteria for growth promotion of isolate, induction
of laccase and dye decolorization [57]. The luxurious growth of isolate at 6.0 to 8.0 pH in the
presence of copper sulphate, dye, and proper inoculum size is the crucial feature for the mass

Table 2. Optimum values of OVAT preliminary optimization.

Parameters (range) Optimum values

R1 R2 R3
Dye Concentration (20-200 ppm) 120 120 100
(With an interval of 20 ppm)
Copper Sulphate (0.2-1.0 mM) 04 0.4 0.6
(With an interval of 0.2 mM)
pH (6.0-9.0) 7.0 7.0 7.0
(With an interval of 0.5 pH)
Inoculum Size (2.0-6.0%) v/v 4.0 3.0 4.0

(With an interval of 1.0% v/v)
https://doi.org/10.1371/journal.pone.0195795.t1002
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production of the enzyme. The pH has a significant effect on the efficiency of dye decoloriza-
tion. The optimum pH for laccase in bacillus species including Bacillus tequilensis SN4, Bacillus
subtilis, and y -Proteobacterium JB reported as being in the range of 7.0 to 8.0. The neutral pH
usually favors the growth and laccase production in Bacillus sp.[58].

Laccases are copper-containing oxidases (type-1) and show a role in copper tolerance in
certain bacterial species [59]. Copper sulphate acted as an inducer of laccase activity and
growth of isolate too [60]. Therefore, the addition of copper ion as a medium component was
used to enhance laccase production. Inoculum size plays a major role in enzyme production.
A lower level of inoculum may not be sufficient to initiate growth, whereas a higher level may
cause competitive inhibition [61]. The optimum results of various responses obtained in the
presence of 3.0-4.0% v/v of inoculum are subtly lower indicate the economically feasible vol-
ume. Many researchers have reported different inoculum sizes for the optimum growth of the
various bacteria viz., (i) 0.3% v/v for Bacillus tequilensis SN4 [62], (ii) 4.0% v/v for Serratia mar-
cescens [63], (iii) 10% v/v for Bacillus sp PK4 [64] and (iv) 15% v/v for Streptomyces psammoti-
cus [65]. However, the inoculum size is varies depending on the species of bacteria for their
optimum growth.

Based on the OVAT result, RSM study conducted on selected variables for optimization of
bacterial growth, laccase production, and dye decolorization.

RSM optimization of media

Box-Behnken design for optimization. A total of 29 sets of experiments performed with
different combinations of variables X;, X,, X3 and X, using BBD which also includes five cen-
tre point of second order response surface (Table 1). This centre point provided process stabil-
ity and intrinsic variability. The actual and predicted values of all responses by R and DOE are
comparable. R based predicted values of all three responses are closer to respective experimen-
tal values than DOE based predicted values. It suggests precise reliability of R than DOE
(Table 3). The regression coefficient for linear terms X, X,, X3, and X, were highly significant
(p £0.001) for responses R1 and R2. Except for X1, all other linear terms were highly signifi-
cant (p < 0.001) for response R3. The most of interaction of each linear term was also signifi-
cant for all responses (Table 4). Student t-test also performed for the significance of the
regression coefficients of the parameters. The fitted polynomial quadratic response surface
model is as specified by Eqs (7)-(9) for responses R1, R2, and R3 respectively.

R1 = 0.146 + 0.034X, — 0.075X, — 0.021X, + 0.041X, + 0.045X,X, + 0.001X,X, + 0.049X, X, — -
0.033X,X, — 0.099X,X, + 0.024X,X, — 0.013X,2 + 0.014X,* — 0.022X,? + 0.05X,>

R2 = 142.20 — 29.66X, — 58.10X, — 26.90X, + 39.40X, + 8.55X,X, + 12.34X,X, + 17.28X,X, — @
36.45X,X, — 62.40X,X, — 9.11X,X, — 36.68X,> — 3.09X,2 — 7.04X,2 + 34.00X,’

R3 = 34.51 4 0.74X, + 1.84X, — 4.11X, + 2.88X, + 6.51X,X, — 3.39X,X, + 1.97X,X, + o)
2.83X,X, — 1.18X,X, — 7.32X,X, — 1.62X,2 — 5.68 X,2 — 5.83X,? — 3.85X,>

The Eqs 7-9 obtained from the experiments were tested for R*, being a measure of the
goodness of fit for the regression model was 0.9917, 0.9831 and 0.9703 for responses R1, R2
and R3 respectively. The adjusted R” value for R1, R2, and R3 were 0.9835, 0.9662 and 0.9405
respectively. The R* and adjusted R* values for all responses are close to 1.0 indicated that the
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Table 3. Experimental matrix for BBD using R software package and DOE for medium components with actual and predicted responses (R1, R2, and R3).

Run
No.

O [0 [N U [ [W N =

NN (NN N [N |t |t |t |t |t |t |t [t |t | et
RN ANV = O 00NN R W= O

29

https://doi.org/10.1371/journal.pone.0195795.1003

X,
Dye (ppm)

X,
CuSO4(mM)

X3 X4 (Inoculum R1
pH Size) (v/v %)

Actual | Coded | Actual | Coded | Actual | Coded | Actual | Coded | Actual |Predic- |Predic-

20

200
110
200
200
110
110
110
110
110
110
110
200
110
110
110
20

20

110
200
110
110
110
110
200
20

20

20

110

'
—

O | O O |~ |0 |0 |0 0 0 0 0 == O |-

0

0.6
1

1

0.6
0.6
0.6
1

0.6
0.6
0.6
1

0.2
0.2
0.2
1

0.2
1

0.2
0.6
0.6
0.6
0.6
0.6
0.2
0.6
0.6
0.6
0.6
0.6

- o |||~ ||l ||~ |~ o

o o o o o

o o o o

7.5
7.5

7.5
7.5
753
7.5

ted ByR |ted By
Package 'DOE

0 6 1 0.199 0.209 0.209
0 4 0.084 0.081 0.081
-1 4 0.113 0.116 0.116
0 2 -1 0.064 0.058 0.058
0 6 1 0.24 0.239 0.239
0 4 0 0.148 0.146 0.143
0 6 1 0.076 0.076 0.076
1 6 1 0.214 0.218 0.218
-1 2 -1 0.179 0.179 0.179
1 2 =l 0.088 0.087 0.087
1 4 0.003 0.007 0.007
1 4 0.223 0.225 0.225
0 4 0.124 0.143 0.143
0 2 -1 0.156 0.146 0.146
0 2 -1 0.183 0.193 0.193
-1 4 0 0.201 0.201 0.201
0 4 0 0.075 0.06 0.06

0 4 0 0.294 0.301 0.301
0 4 0 0.148 0.146 0.143
1 4 0 0.061 0.055 0.055
0 4 0 0.148 0.146 0.143
0 4 0 0.138 0.146 0.143
0 4 0 0.148 0.146 0.143
0 6 1 0.447 0.427 0.427
-1 4 0 0.101 0.096 0.096
=1l 4 0 0.17 0.166 0.166
0 2 -1 0.221 0.226 0.226
1 4 0 0.127 0.122 0.122
-1 6 1 0.207 0.212 0.212

Actual

192.21
39.25
134.56
42.42
154.29
139.2
80.88
179.25
160.75
112.68
9.87
192.63
137.02
130.45
131.39
171.53
70.64
202.61
139.2
55.62
139.2
154.2
139.2
329.55
74.24
15591
149.48
87.94
263.78

R2

Predic-
ted By R
Package

191.29
23.21
137.31
53.17
166.54
142.2
92.01
172.54
147.54
111.97
10.62
199.71
122.31
129.41
138.01
180.61
65.43
198.73
142.2
54.25
142.2
142.2
142.2
333.01
83.37
167.37
147.06
88.9
244.57

Predic-
ted By
DOE

191.29
23.21
137.31
53.17
166.54
135.44
92.01
172.54
147.54
111.97
10.61
199.71
122.31
129.41
138.01
180.61
65.43
198.73
135.44
54.25
135.44
135.44
135.44
333.01
83.37
167.39
147.06
88.9
244.57

R3

Actual |Predic- |Predic-
ted By R |ted By
Package DOE

29.83 29.2 29.2

34.05 36.3 36.3

29.08 26.12 26.12
25.06 24.93 24.93
35.42 34.63 34.63
34.46 34.51 31.32
28.65 28.52 28.52
16.69 16.27 16.27
16.82 18.73 18.73

24.9 25.15 25.15
23.18 23.55 23.55
12 14.21 14.21
20.02 19.6 19.6

19.7 19.07 19.07

26.58 25.12 25.12
29.21 28.09 28.09
19.88 21.8 21.8

31.88 31.13 31.13
34.46 34.51 31.32
21.59 20.29 20.29
34.46 34.51 31.32
34.52 34.51 31.32
34.65 34.51 31.32
26.49 27.19 27.19
34.93 35.3 35.3

26.48 27.02 27.02
27.34 27.38 27.38
26.72 25.59 25.59
37.88 39.13 39.13

equations is highly reliable and increase strength of the relationship between model and

response.

The ANOVA model for all responses was significant and the model F-value of R1, R2 and
R3 were 120.13, 58.22 and 32.63 respectively. The F values of models were found to be high
which suggests that data not supported by the null hypothesis. The p-value <0.05 indicates a
statistically significant model. The linear, square and interactions terms for all responses were
significant (p < 0.001) (Table 5). Thus, the overall model of all three responses has been found
to be precisely accurate, significant, and reproducible. To the best of our knowledge, this is the
first attempt to optimize the multiple responses using R software package parallelly.

It is well understood from Table 3, that the prediction of R software’s package is more near
to actual values than Design-Expert for various responses (i.e., run no: 06, 19, 21, 22, 23) which
depends on the degree of protection against biases in model construction [66]. Moreover, in
all 29 runs, the average meant difference between actual and predicted values of responses R1,
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Table 4. Regression analysis of response R1, R2, and R3 by BBD of process parameters using R software.

R1

Estimate Std. Error | tvalue
Intercept | 0.146 0.0048769 | 29.9368
X, | -0.0343333 | 0.003148 -10.9062
X, | -0.0759167 | 0.003148 | -24.1155
X; | -0.02125 0.003148 -6.7502
X, | 0.041 0.003148 13.0239
XX, | 0.04475 0.0054526 8.2071
X;X; | 0.00075 0.0054526 0.1375
XX, | 0.0495 0.0054526 9.0783
X,X;3 | -0.033 0.0054526 | -6.0522
X,X, | -0.0995 0.0054526 | -18.2482
X3X, | 0.0245 0.0054526 4.4933
Xlz -0.0134167 | 0.0042818 -3.1334
X22 0.0139583 | 0.0042818 3.2599
X32 -0.0225417 | 0.0042818 -5.2645
X42 0.0508333 | 0.0042818 | 11.8719

https://doi.org/10.1371/journal.pone.0195795.t004

R2

Pr(>|t|) Estimate |Std. Error |tvalue
4.295E-14 *** | 142.2 5.4719 25.9871
3.157E-08 *** | -29.6625 3.5321 -8.3979
8.396E-13 *** | -58.1 3.5321 -16.449
9.316E-06 *** | -26.8983 3.5321 -7.6153
3.247E-09 *** 39.3992 3.5321 11.1545
1.016E-06 *** 8.55 6.1178 1.3976
0.8925551 12.3375 6.1178 2.0167
3.052E-07 *** 17.285 6.1178 2.8254
2.976E-05*** | -36.4475 6.1178 -5.9576
3.711E-11 *** | -62.4025 6.1178 -10.2001
0.0005057 *** -9.115 6.1178 -1.4899
0.0073294 ** -36.6858 4.8042 -7.6362
0.0056992 ** -3.0921 4.8042 -0.6436
0.0001196 *** -7.0446 4.8042 -1.4663
1.073E-08 *** 34.0017 4.8042 7.0775

Pr(>|t|)
3.013E-13 ***
7.748E-07 *+*
1.494E-10 ***
2.419E-06 ***
2.375E-08 ***
0.184
0.06333
0.01349 *
3.501E-05 ***
7.304E-08 ***
0.15843
2.344E-06 ***
0.53022
0.16466
5.520E-06 ***

R3

Estimate |Std. Error | tvalue

34.51 0.73201 47.144
0.745 0.47251 1.5767
1.84333 | 0.47251 3.9011
-4.11 0.47251 -8.6982
2.88 0.47251 6.0951
6.5075 0.81842 7.9513
-3.395 0.81842 | -4.1483

1.9675 0.81842 2.404
2.8275 0.81842 3.4548
-1.18 0.81842 -1.4418
-7.3175 0.81842 -8.9411

-1.62083 0.64269 -2.522
-5.68083 0.64269 -8.8392
-5.83583 0.64269 -9.0804
-3.85083 0.64269 -5.9918

(Significant. codes: 0—“**’, 0.001

Pr(>]t|)

< 22B-16"**
0.1371915
0.0015982**
5.10E-07***
2.77E-05"**
1.47E-06***
0.0009849***
0.0306312*
0.0038672**
0.1713506
3.67E-07***
0.0244076*
421E-07+**
3.04E-07***
3.30E-05"**

—,0.01—*)

R2 and R3, were least (0.00024, 0.00034 and 0.00206 respectively) using R software, whereas
similar values were found higher with Design-Expert, i.e., 0.00075, 1.16551 and 0.55206 for R1,
R2, and R3 respectively. Thus, results indicate R offer a higher level of protection against biases

than Design-Expert.

Comparison of R and DOE software package model

Predictive potentiality. The predictive capabilities of R software package and DOE mod-
els were compared using the R?, Root Means Square Error (RMSE), and Mean Absolute Error
(MAE) values (Table 6). The predictive values of R1, R2, and R3 by R software are more suit-
able and justifiable than the predictive responses values of DOE.

The R?>, MAE and RMSE values predicted by R software package model proved to be supe-
rior over DOE for all responses. In contrast to DOE data, R package data showed the lower
standard error of the regression line which represents a quick approximation of 95% predic-
tion interval (S1 and S2 Tables).

Table 5. ANOVA of responses R1, R2, and R3 for BBD of process parameters using R software.

Model

Df
14

Linear | 4

Interaction | 6

Square | 4

Residuals
Lack of fit
Pure error

Total

14
10

28

Sum Sq
0.2
0.108896
0.064172
0.026933
0.001665
0.001585
0.00008
0.201665

R1
Mean Sq | F value
0.01428 120.12
0.027224 | 228.92
0.0106953 | 89.93
0.0067333 |  56.62
0.0001189
0.0001585 7.92
0.00002

https://doi.org/10.1371/journal.pone.0195795.t005

R2

Pr(>F) Df |Sum Sq | Mean Sq |F value
4.29E-12*** | 14 | 122024.62 | 8716.044 | 58.22
1.38E-12*** | 4 | 78375 19593.9 130.88
2.27E-10°** | 6 | 23319 3886.4 25.96
1.72E-08*** | 4 | 20331 5082.6 33.95

14 | 2096 149.7
0.03043 10 | 1916 191.6 4.26

4 |180 45

28 | 124120.57

Pr(>F)

6.14E-10***
6.35E-11***
8.04E-07***
4.57E-07***

0.08763

3.01E-08***
5.86E-07***
3.20E-07***
2.88E-07***

7.87E-06""*

R3
Df |Sum Sq | Mean Sq |F value | Pr(>F)
14 | 1224.0102 | 87.4293 32.63
4 349.67 87.418 32.63
6 482.71 80.452 30.03
4 391.63 97.907 36.54
14 37.51 2.679
10 37.48 3.748 551.20
4 0.03 0.007
28 | 1261.5192

(Significant codes: 0 —****, 0.001 —***, 0.01 -*’)
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Table 6. Comparison of predictive capability between R Software package and DOE.

Parameters R Software Package DOE
R1 R2 R3 R1 R2 R3
R® 0.9917 0.9831 0.9703 0.9893 0.9822 0.8442
RMSE 0.0076 8.5014 1.1373 0.0086 8.7073 2.5739
MAE 0.0055 6.7181 0.8269 0.0065 6.9277 1.5757

https://doi.org/10.1371/journal.pone.0195795.t006

Sensitivity analysis. The effect of individual medium components and their interactions
can be studied in a superior way using R software package through DOE linking. Coefficients
of R software package and DOE have attributed a direct measure of the contribution of various
medium components in the system. In this study, a sensitivity analysis performed for deter-
mining the effectiveness of a parameter by the constructed R software package model using
‘Perturb’ method [67]. The constructed R software package model perform sensitivity analysis
using ‘Perturn’ method for determining the effectiveness of a parameter. Response surface
effects of interaction between X; and X,; X; and X; as well as X, and X, for all three responses
were also significant which shown in Figs 3, 4 and 5. Fig 6 shows the sensitivity analysis of R
software package demonstrating the rate of response and it is varied with a change in the input
variable.

Out of four variables for response R1 and R2, X, had the highest coefficient value; signifying
inoculum size as the most influencing variable for the growth of isolate. X; X4 had maximum
coefficient value compared to other interactions, and X,% had maximum coefficient value com-
pared to other squared; suggesting their significant effect on growth promotion of isolate and
enhance the laccase activity (Table 4).

Similarly, for R3, out of four variables, X, had the highest coefficient value, and X, had sec-
ond highest coefficient value; signifying inoculum size and copper sulphate concentration is
the most influencing variables for the dye decolorization respectively. X; X, had maximum

4)

Fig 3. Contour plots show the response surface effect of interaction on the growth of isolates. (A) X; with X,, and (B) X; with X,.

https://doi.org/10.1371/journal.pone.0195795.g003
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Fig 4. Contour plots show the response surface effect of interaction on laccase activity. (A) X; with X3, and (B) X, with X,.

https://doi.org/10.1371/journal.pone.0195795.9004

coefficient value compared to other interactions; suggesting their significant effect on enhanc-
ing dye decolorization.

Validation of model. Under the optimal conditions, 0.454 + 0.004 growth (Agyonm) with
336 + 4.32 U/mL laccase activity and 51.33 + 5.50% decolorization of disperse blue DBR was

&)

Fig 5. Contour plots show the response surface effect of interaction on dye decolorization. (A) X; with X3, and (B) X, with X,.

https://doi.org/10.1371/journal.pone.0195795.g005
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Fig 6. Sensitivity analysis of response. (A) For R1, (B) For R2, and (C) For R3.

https://doi.org/10.1371/journal.pone.0195795.g006

experimentally obtained by isolate (Table 7), which is in good agreement with the decoloriza-
tion predicted by the model. Decolorization using 336 + 4.32 U/mL of the enzyme is less than
the 285.33 + 5.03 U/mL of the enzyme. It is due to the acidic pH 6.0 of the media. The disperse
blue DBR readily decolorized in acidic pH than alkali pH [68,69]. Secondly, CuSO, and its
interaction with dye (X;X,) positively affecting in the decolorization process.

Toxicity evaluation of decolorized dye

In vitro cytotoxicity test is the principle property of any compound surrounded by living cells
or organisms. The result of cytotoxicity assay indicates the laccase decolorized dye sample was

Table 7. Optimized medium component for validation of a model for responses R1, R2, and R3.

Run No. X, (ppm) X, (mM) Xs3 X4 (% v/v) R1 R2 (U/mL) R3 (%)
24 110 0.2 7.5 6 0.454 + 0.004 336 +£4.32 31.33£3.21
29 110 0.6 6 6 0.280 = 0.001 285.33 +5.03 51.33 £5.50
https://doi.org/10.1371/journal.pone.0195795.t007
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Table 8. Toxicity evaluation of decolorized dye on human cell lines.

Sr. No. Cell line
1 MCE-7
2 L132

https://doi.org/10.1371/journal.pone.0195795.t008

Parameter Laccase treated Untreated sample
% Cell viability 87.22 +£0.48 50.41 + 0.64
% Cytotoxicity 12.14 £ 0.52 49.41 +0.49
% Cell viability 79.60 * 0.45 63.49 + 0.08
% Cytotoxicity 20.10+0.73 36.21 £ 0.30

less toxic than untreated control dye in both tested cell lines. Laccase treated sample indicate
the only 12.14 + 0.52% toxicity on MCF-7 cell line, whereas untreated dye sample revealed the
49.41 £ 0.49% (Table 8). The normal human lung epithelial cell line (L132) by treated and
untreated dye samples indicated less cytotoxic difference compared to MCE-7 cell line. Cell
viability of the untreated sample in both cell lines is due to the autolysis of dye during vigorous
shaking for a prolonged time. The degradation and decolorization of synthetic azo dyes by lac-
case enzymes depends on a formation of a nonspecific free radical mechanism to form non-
toxic phenolic compounds and avoid the formation of toxic aromatic compounds.

However, this is the preliminary study which is helpful in designing the prototype of
bioprocess optimization for decolorization of the dye. The in-situ or ex-situ large scale opti-
mization may be required to establish the “R” based scale up process for bioremediation
purpose.

Conclusion

This first report of the simultaneous optimization of factors affecting multiple responses- the
growth of isolate, laccase, production and dye decolorization using R software and DOE. The
thermophilic bacterium, Bacillus licheniformis Ul was found suitable for the bulk production
of thermophilic laccase. The optimization of media components using BBD, 1.80 fold rises in
laccase production had achieved along with 2.24 fold enhancement in dye decolorization. Lac-
case treated sample was found less toxic on both the cell line. So, the detoxification study sug-
gests the impending application of enzyme to lessen the toxicity of textile effluents. Inoculum
size (X,4) was found to have the highest effects on all the responses. Moreover, inoculum size
interaction with dye concentration (X;X,) shown the positive impact on growth promotion of
bacterium. Copper sulphate was surfaced out as a crucial component of dye decolorization
process. The average mean difference between actual and predicted values of all BBD gener-
ated runs was negligible in R software. So, R offers the better protection against biases than
DOE. Furthermore, the ANOVA and regression analysis of all responses using R software

was found more trustworthy than the DOE. The R2, RMSE, and MAE calculated using R soft-
ware suggest the tremendous predictive potentiality. However, further reactor based process
scale-up is necessary for actual industrial applications. Thus, the study would undoubtedly
embolden the scientific community to extensively exploit the significant features of R software
package over DOE analyses.
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PLOS ONE | https://doi.org/10.1371/journal.pone.0195795 May 2, 2018 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195795.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195795.s002
https://doi.org/10.1371/journal.pone.0195795.t008
https://doi.org/10.1371/journal.pone.0195795

@° PLOS | ONE

R software package based optimization study

Acknowledgments

The authors gratefully acknowledge the University Grant Commission (UGC), Govt. of India,
New Delhi that funded the work as part of SAP (Special Assistance Programme) and BSR sup-
port (F.7/327/2011) awarded to Department of Biosciences, Veer Narmad South Gujarat Uni-
versity, Surat, Gujarat, India.

Authors are also thankful for bioinformatics and supercomputer facility granted by the
Gujarat State Biotechnology Mission, Gandhinagar available at Department of Biosciences
(UGC-SAP-II), Veer Narmad South Gujarat University, Surat, India for data analysis and
processing.

Author Contributions
Conceptualization: Sunil Bhavsar, Pravin Dudhagara.
Data curation: Sunil Bhavsar.

Formal analysis: Sunil Bhavsar.

Investigation: Sunil Bhavsar.

Methodology: Sunil Bhavsar, Pravin Dudhagara.
Project administration: Shantilal Tank.
Software: Sunil Bhavsar.

Supervision: Shantilal Tank.

Validation: Sunil Bhavsar, Pravin Dudhagara.
Visualization: Sunil Bhavsar.

Writing - original draft: Sunil Bhavsar.

Writing - review & editing: Sunil Bhavsar, Pravin Dudhagara, Shantilal Tank.

References

1. Vaidya AA, Datye K V. Environmental-pollution during chemical-processing of synthetic-fibers. Colour-
age. Colour publ private Itd 126-a dhuruwadi av nagvekar marg, bombay 400 025, india; 1982; 29: 3—
10.

2. BabuBR, Parande AK, Raghu S, Kumar TP. Cotton Textile Processing: Waste Generation and Effluent
Treatment. Journal of cotton science. 2007.

3. Marmion DM. Handbook of US colorants: foods, drugs, cosmetics, and medical devices. John Wiley &
Sons; 1991.

4. Jin X-C, Liu G-Q, Xu Z-H, Tao W-Y. Decolorization of a dye industry effluent by Aspergillus fumigatus
XC6. Appl Microbiol Biotechnol. Springer; 2007; 74: 239-243.

5. Asamudo NU, Daba AS, Ezeronye OU. Bioremediation of textile effluent using Phanerochaete chrysos-
porium. African J Biotechnol. Academic Journals (Kenya); 2005; 4.

6. Brown D, Laboureur P. The degradation of dyestuffs: part | primary biodegradation under anaerobic
conditions. Chemosphere. Elsevier; 1983; 12: 397—-404.

7. Gingell R, Walker R. Mechanisms of azo reduction by Streptococcus faecalis Il. The role of soluble fla-
vins. Xenobiotica. Taylor & Francis; 1971; 1: 231-239.

8. KeckA, Klein J, Kudlich M, Stolz A, Knackmuss H-J, Mattes R. Reduction of azo dyes by redox media-
tors originating in the naphthalenesulfonic acid degradation pathway of Sphingomonas sp. strain BN6.
Appl Environ Microbiol. Am Soc Microbiol; 1997; 63: 3684—3690.

9. Kudlich M, Keck A, Klein J, Stolz A. Localization of the enzyme system involved in anaerobic reduction
of azo dyes by Sphingomonas sp. Strain BN6 and effect of artificial redox mediators on the rate of azo
dye reduction. Appl Environ Microbiol. Am Soc Microbiol; 1997; 63: 3691-3694.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195795 May 2, 2018 15/18


https://doi.org/10.1371/journal.pone.0195795

@° PLOS | ONE

R software package based optimization study

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Brown D, Hamburger B. The degradation of dyestuffs: Part lll-Investigations of their ultimate degradabil-
ity. Chemosphere. Elsevier; 1987; 16: 1539—1553.

Razo-Flores E, Luijten M, Donlon BA, Lettinga G, Field JA. Complete biodegradation of the azo dye azo-
disalicylate under anaerobic conditions. Environ Sci Technol. ACS Publications; 1997; 31: 2098-2103.

Brown D, Laboureur P. The aerobic biodegradability of primary aromatic amines. Chemosphere. Else-
vier; 1983; 12: 405—414.

Dafale N, Rao NN, Meshram SU, Wate SR. Decolorization of azo dyes and simulated dye bath waste-
water using acclimatized microbial consortium—biostimulation and halo tolerance. Bioresour Technol.
Elsevier; 2008; 99: 2552—2558.

Kodam KM, Soojhawon |, Lokhande PD, Gawai KR. Microbial decolorization of reactive azo dyes under
aerobic conditions. World J Microbiol Biotechnol. Springer; 2005; 21: 367-370.

Khalid A, Arshad M, Crowley DE. Decolorization of azo dyes by Shewanella sp. under saline conditions.
Appl Microbiol Biotechnol. Springer; 2008; 79: 1053—1059.

Ola |0, Akintokun AK, Akpan I, Omomowo IO, Areo VO. Aerobic decolorization of two reactive azo
dyes under varying carbon and nitrogen source by Bacillus cereus. African J Biotechnol. Academic
Journals (Kenya); 2010; 9.

Ayed L, Achour S, Khelifi E, Cheref A, Bakhrouf A. Use of active consortia of constructed ternary bacte-
rial cultures via mixture design for Congo Red decolorization enhancement. Chem Eng J. Elsevier;
2010; 162: 495-502.

Nachiyar CV, Rajakumar GS. Purification and characterization of an oxygen insensitive azoreductase
from Pseudomonas aeruginosa. Enzyme Microb Technol. Elsevier; 2005; 36: 503-509.

Ooi T, Shibata T, Sato R, Ohno H, Kinoshita S, Thuoc TL, et al. An azoreductase, aerobic NADH-
dependent flavoprotein discovered from Bacillus sp.: functional expression and enzymatic characteriza-
tion. Appl Microbiol Biotechnol. Springer; 2007; 75: 377-386.

Lin Y-H, Leu J-Y. Kinetics of reactive azo-dye decolorization by Pseudomonas luteola in a biological
activated carbon process. Biochem Eng J. Elsevier; 2008; 39: 457-467.

Banat IM, Nigam P, Singh D, Marchant R. Microbial decolorization of textile-dye-containing effluents: A
review (vol 58, pg 217, 1996). Bioresour Technol. Elsevier Science Ltd., Oxford, England; 1997; 61:
103.

Bumpus JA. Microbial degradation of azo dyes. Prog Ind Microbiol. 1995; 32: 157-176. http://dx.doi.
org/10.1016/S0079-6352(06)80031-7

Chung K-T, Cerniglia CE. Mutagenicity of azo dyes: structure-activity relationships. Mutat Res Genet
Toxicol. Elsevier; 1992; 277: 201-220.

Chung K, Stevens SE. Degradation azo dyes by environmental microorganisms and helminths. Environ
Toxicol Chem. Wiley Online Library; 1993; 12: 2121-2132.

Delee W, O’Neill C, Hawkes FR, Pinheiro HM. Anaerobic treatment of textile effluents: a review. J
Chem Technol Biotechnol. Wiley Online Library; 1998; 73: 323—-335.

Levine WG. Metabolism of azo dyes: implication for detoxication and activation. Drug Metab Rev. Taylor
& Francis; 1991; 23: 253-309.

McMullan G, Meehan C, Conneely A, Kirby N, Robinson T, Nigam P, et al. Microbial decolourisation
and degradation of textile dyes. Appl Microbiol Biotechnol. Germany; 2001; 56: 81-87.

Stolz A. Basic and applied aspects in the microbial degradation of azo dyes. Appl Microbiol Biotechnol.
Springer; 2001; 56: 69-80.

Walker R. The metabolism of azo compounds: a review of the literature. Food Cosmet Toxicol. Elsevier;
1970; 8: 659-676.

Alabdraba WMS, Albayati MBA. Biodegradation of Azo Dyes a Review.

Hatvani N, Mécs I. Production of laccase and manganese peroxidase by Lentinus edodes on malt-con-
taining by-product of the brewing process. Process Biochem. Elsevier; 2001; 37: 491-496.

Duran N, Esposito E. Potential applications of oxidative enzymes and phenoloxidase-like compounds in
wastewater and soil treatment: a review. Appl Catal B Environ. Elsevier; 2000; 28: 83—99.

Bhosale S, Saratale G, Govindwar S. Biotransformation enzymes in Cunninghamella blakesleeana
(NCIM-687). J Basic Microbiol. Wiley Online Library; 2006; 46: 444—448.

ZHANG X, FLURKEY WH. Phenoloxidases in Portabella mushrooms. J Food Sci. Wiley Online Library;
1997; 62: 97-100.

Saratale RG, Saratale GD, Kalyani DC, Chang J-S, Govindwar SP. Enhanced decolorization and bio-
degradation of textile azo dye Scarlet R by using developed microbial consortium-GR. Bioresour Tech-
nol. Elsevier; 2009; 100: 2493-2500.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195795 May 2, 2018 16/18


http://dx.doi.org/10.1016/S0079-6352(06)80031-7
http://dx.doi.org/10.1016/S0079-6352(06)80031-7
https://doi.org/10.1371/journal.pone.0195795

@° PLOS | ONE

R software package based optimization study

36.

37.

38.

39.

40.

M,

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Salokhe MD, Govindwar SP. Effect of carbon source on the biotransformation enzymesin Serratia mar-
cescens. World J Microbiol Biotechnol. Springer; 1999; 15: 259-263.

Kalme S, Jadhav S, Jadhav M, Govindwar S. Textile dye degrading laccase from Pseudomonas des-
molyticum NCIM 2112. Enzyme Microb Technol. Elsevier; 2009; 44: 65-71.

Ayed L, Khelifi E, Ben Jannet H, Miladi H, Cheref A, Achour S, et al. Response surface methodology for
decolorization of azo dye Methyl Orange by bacterial consortium: Produced enzymes and metabolites
characterization. Chem Eng J. Elsevier; 2010; 165: 200—208.

Ansari A, Thakur B. Biochemical reactor for treatment of concentrated textile effluent. Colourage. 2006;
2:27-31.

Zhang F, Yediler A, Liang X, Kettrup A. Ozonation of the purified hydrolyzed azo dye reactive red 120
(CI). J Environ Sci Heal Part A. Taylor & Francis; 2002; 37: 707-713.

Rajeshkannan R, Rajasimman M, Rajamohan N. Optimization, equilibrium and kinetics studies on sorp-
tion of Acid Blue 9 using brown marine algae Turbinaria conoides. Biodegradation. Springer; 2010; 21:
713-727.

Rai HS, Bhattacharyya MS, Singh J, Bansal TK, Vats P, Banerjee UC. Removal of dyes from the efflu-
ent of textile and dyestuff manufacturing industry: a review of emerging techniques with reference to
biological treatment. Crit Rev Environ Sci Technol. Taylor & Francis; 2005; 35: 219-238.

Myers R, Montgomery D. Response Surface Methodology:Process and product in optimization using
designed experiments. 2nd ed. New York, USA: John Wiley & Sons Inc; 2002.

Rahman SHA, Choudhury JP, Ahmad AL, Kamaruddin AH. Optimization studies on acid hydrolysis of
oil palm empty fruit bunch fiber for production of xylose. Bioresour Technol. Elsevier; 2007; 98: 554—
559.

Bhagat DD, Dudhagara PR, Desai P V. STATISTICAL APPROACH FOR PECTINASE PRODUCTION
BY Bacillus firmus SDB9 AND EVALUATION OF PECTINO-XYLANOLYTIC ENZYMES FOR PRE-
TREATMENT OF KRAFT PULP. J Microbiol Biotechnol Food Sci. Faculty of Biotechnology and Food
Sciences; 2016; 5: 396.

Fox J, Andronic L, Ash M, Boye T, Calza S, Chang A, et al. Remdr: R commander, R package version
1.6-3. CRAN Rproject org/package = Rcmdr(March 2012). 2010;

Gromping U. Tutorial for designing experiments using the R package RcmdrPlugin. DoE. Beuth-
Hochsch. fir Technik, Fachbereich II; 2011.

Dudhagara P, Bhavasar S, Ghelani A, Bhatt S. Isolation, characterization and investing the industrial
applications of thermostable and solvent tolerant serine protease from hot spring isolated thermophililic
Bacillus licheniformis U1. Int J Appl Sci Biotechnol. 2014; 2: 75-82.

Ride JP. The effect of induced lignification on the resistance of wheat cell walls to fungal degradation.
Physiol Plant Pathol. Elsevier; 1980; 16: 187IN3193—192IN5196.

Cristévao RO, Tavares APM, Ferreira LA, Loureiro JM, Boaventura RAR, Macedo EA. Modeling the
discoloration of a mixture of reactive textile dyes by commercial laccase. Bioresour Technol. Elsevier;
2009; 100: 1094—-1099.

Box GEP, Behnken DW. Some new three level designs for the study of quantitative variables. Techno-
metrics. Taylor & Francis Group; 1960; 2: 455—475.

Gallego A, Torres F, Robledo S, Vélez ID, Carrillo L, Munoz D, et al. Actividad leishmanicida y tripano-
cida de acacia farnesiana, piper arieianum, P. subpedale, sphagnum recurvum y vismia baccifera
subsp. ferruginea. Actual Biol. 2006; 28: 39—49.

El-Fakharany EM, Hassan MA, Taha TH. Production and Application of Extracellular Laccase Produced
by Fusarium oxysporum EMT. Int J Agric Biol. 2016; 18: 939-947.

Verma A, Shirkot P. Purification and Characterization of Thermostable Laccase from Thermophilic Geo-
bacillus thermocatenulatus MS5 and its applications in removal of Textile Dyes. Sch Acad J Biosci.
2014; 2: 479-485.

Sarmiento F, Peralta R, Blamey JM. Cold and Hot Extremozymes: Industrial Relevance and Current
Trends. Front Bioeng Biotechnol. Frontiers Media S.A.; 2015; 3: 148. https://doi.org/10.3389/fbioe.
2015.00148 PMID: 26539430

Reinhammar B, Malmstréom BG. Blue copper-containing oxidases. Copp proteins. Wiley: New York;
1981; 3.

Casas N, Blanquez P, Vicent T, Sarra M. Laccase production by Trametes versicolor under limited-
growth conditions using dyes as inducers. Environ Technol. Taylor & Francis; 2013; 34: 113-119.

Kaushik G, Thakur IS. Production of laccase and optimization of its production by Bacillus sp. using dis-
tillery spent wash as inducer. Bioremediat J. Taylor & Francis; 2014; 18: 28-37.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195795 May 2, 2018 17/18


https://doi.org/10.3389/fbioe.2015.00148
https://doi.org/10.3389/fbioe.2015.00148
http://www.ncbi.nlm.nih.gov/pubmed/26539430
https://doi.org/10.1371/journal.pone.0195795

@° PLOS | ONE

R software package based optimization study

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

Sharma P, Goel R, Capalash N. Bacterial laccases. World J Microbiol Biotechnol. Springer; 2007; 23:
823-832.

Malhotra K, Sharma P, Capalash N. Copper and dyes enhance laccase production in y-proteobacterium
JB. Biotechnol Lett. Springer; 2004; 26: 1047—1050.

Sabu A, Pandey A, Daud MJ, Szakacs G. Tamarind seed powder and palm kernel cake: two novel agro
residues for the production of tannase under solid state fermentation by Aspergillus niger ATCC 16620.
Bioresour Technol. Elsevier; 2005; 96: 1223-1228.

Sondhi S, Sharma P, Saini S, Puri N, Gupta N. Purification and characterization of an extracellular,
thermo-alkali-stable, metal tolerant laccase from Bacillus tequilensis SN4. PLoS One. Public Library of
Science; 2014; 9: €96951.

Kaira GS, Dhakar K, Pandey A. A psychrotolerant strain of Serratia marcescens (MTCC 4822) pro-
duces laccase at wide temperature and pH range. AMB Express. Springer Berlin Heidelberg; 2015; 5:
1.

Rajeswari M. Characterization and Optimization of Bacterial Laccase Production and its Application in
the Degradation of Selected Pollutants [Internet]. Avinashilingam Institute for Home Science and Higher
Education for Women, Coimbatore. 2015. http://hdl.handle.net/10603/93386

Niladevi KN, Prema P. Effect of inducers and process parameters on laccase production by Streptomy-
ces psammoticus and its application in dye decolorization. Bioresour Technol. Elsevier; 2008; 99:
4583-4589.

Montgomery DC. Design and analysis of experiments. John Wiley & Sons; 2008.

Dudhagara DR, Rajpara RK, Bhatt JK, Gosai HB, Dave BP. Bioengineering for polycyclic aromatic
hydrocarbon degradation by Mycobacterium litorale: Statistical and artificial neural network (ANN)
approach. Chemom Intell Lab Syst. 2016; 159: 155—163. http://dx.doi.org/10.1016/j.chemolab.2016.10.
018

Singh K, Arora S. Removal of Synthetic Textile Dyes From Wastewaters: A Critical Review on Present
Treatment Technologies. Crit Rev Environ Sci Technol. Taylor & Francis; 2011; 41: 807-878. https://
doi.org/10.1080/10643380903218376

Mohamed FA, FAIli N, EL-Mohamedy RSR, Hebeish AA. Biodegredation of Reactive and Reactive Dis-
perse Dyes by Aspergillius nigar. J Bioremediation Biodegredation. OMICS Publishing Group; 2014;
5:1.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195795 May 2, 2018 18/18


http://hdl.handle.net/10603/93386
http://dx.doi.org/10.1016/j.chemolab.2016.10.018
http://dx.doi.org/10.1016/j.chemolab.2016.10.018
https://doi.org/10.1080/10643380903218376
https://doi.org/10.1080/10643380903218376
https://doi.org/10.1371/journal.pone.0195795

