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Introduction

Laccases (p-diphenol: dioxygen reductase) contain his-

tidine-rich copper binding domains, and they are mem-

bers of the most significant subgroup of the protein

subfamily of multicopper oxidase. Laccase has broad-

spectrum specificity and can oxidize highly recalcitrant

compounds like lignin [1]. This functionality makes a

potential application of laccase in various domains of

biotechnology like bioremediation of xenobiotics, green

chemistry, food and cosmetic industries [2, 3].

Laccase has been extensively investigated for new and

challenging decontamination program because they oxi-

dize a broad range of aromatic compounds. However, the

most extensive effort is required to overcome several bot-

tlenecks like high enzyme cost, low activity, and stability

under given conditions and low reaction yields [4]. The

majority of the laccase characterized so far are from the

fungal origin, and very few reports are available on bac-

terial laccase. The bacterial laccases were shown to have

higher thermostability and pH stability compared to

fungal enzymes which makes them suitable for indus-

trial application [5]. The first reported laccase producing

bacterium was Azospirillum lipoferum [6] and Bacillus

subtilis CotA laccase structure was first elucidated [7]. 

Due to the diverse application of laccase, several stud-

ies were carried out on optimization of laccase produc-

tion from different microbes. These reports also claim

that fungal laccase production was affected by various

factors such as carbon and nitrogen source, inducer,

trace element composition, etc.. However there are only

limited studies on induction and enhanced production of
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bacterial laccase. We have isolated thermostable laccase

producing bacteria Bacillus sp. PK4 from paper mill

effluent [8]. The objective of this work is to screen for the

significant media components for laccase production

from the isolated Bacillus sp. PK4 and further to opti-

mize the level of these components using the statistical

design of experiments. The partially purified enzyme

was assessed for its potential in degrading organic pol-

lutant benzo[a]pyrene.

Materials and Methods

Microorganism
Bacillus sp. PK4 producing an extracellular laccase

was isolated from paper mill effluent. It was identified

based on 16S rRNA gene sequencing [8]. The culture

was cultivated and maintained by weekly transfers on to

Luria-Bertani (LB) agar slants. The inoculum was pre-

pared by transferring a loop of culture from the slant

into 250 ml flask containing 25 ml LB broth and incu-

bated at 37℃ at 100 rpm for 12 to 16 h to achieve the

OD600 nm of 0.5 to 0.7.

Extraction of extracellular laccase
The culture medium was centrifuged at 10,000 ×g for

15 min at 4℃ after incubation at 37℃ at 100 rpm for

42 h and the supernatant obtained was used as the

crude enzyme extract. 

Laccase assay
Laccase activity was measured using 2,6-dimethoxy-

phenol (2,6 DMP) as a substrate [9]. The enzyme assay

was done using 2 mM 2,6 DMP as substrate. 50 to 100 μl

of the sample was added to 10 mM phosphate buffer

(pH 7) containing the substrate 2,6 DMP at a concentra-

tion of 2 mM, and oxidation was measured by the

increase in the absorbance at 477 nm (ε =14600 mol-1·

cm-1). One unit (U) of laccase was defined as the amount

of the enzyme required to transform one mmol substrate

per min under standard assay conditions.

Optimization of laccase production
Identification of significant factors by Plackett-

Burman design. Plackett-Burman design is a powerful

tool for screening the crucial variables that influence the

response. This technique significantly decreases the

number of experiments needs to achieve the experimen-

tal goals efficiently. The eleven variables identified in

one factor one time method reported in Rajeswari et al.

[8] were investigated using Plackett-Burman design to

identify the variables that significantly affect the laccase

production. A set of 12 experiments were designed using

Plackett-Burman orthogonal array, and laccase produc-

tion was observed at different combinations of variables.

Steepest Ascent method
Usually, the initial estimate of the optimum operating

conditions for the system will be far from the actual opti-

mum. In such circumstances, variables that significantly

influenced laccase production were optimized concerning

enzyme activity by applying a single steepest ascent

experiment [10].

Optimization of key ingredients by Box-Behnken design
(BBD)

The next step is to optimize the concentration of criti-

cal media components identified in Plackett-Burman

method to achieve the maximum yield, the significant

variables selected were as follows: MgSO4, FeSO4 and

CuSO4. The Response Surface Methodology (RSM),

using Box-Behnken design, was used to determine the

optimum concentration of selected variables.

The statistical software R (RcmdrPlugin.DOE) was

used to analyze the experimental design [11, 12].

Production of laccase using agro waste substrates
The different agro waste residues namely rice husk,

wheat bran, groundnut shell and sugarcane bagasse

were screened for the laccase production in the sub-

merged fermentation system. The selected agro waste

residues were powdered and oven dried at 45℃ for 24 h

and sterilized at 121℃, pressure 15 lbs for 20 min and

stored at room temperature before further use. In the

submerged fermentation (SmF) 100 ml of optimized

media without glucose containing various agro waste

residues at 10% level were taken. The flasks were then

thoroughly mixed and autoclaved. After cooling it to

room temperature, media were inoculated with 10% of

the seed culture and incubated at 37℃ with 100 rpm for

42 h. Then, the fermented material was centrifuged at

10,000 ×g for 15 min at 4℃ to obtain the crude enzyme

extract. The supernatant obtained was used for deter-
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mining the laccase activity.

Degradation of benzo[a]pyrene using partially purified
laccase

Acetone was added to the crude enzyme extract in the

ratio of 1:1, vortexed for 1−2 min and incubated over-

night at -20℃. The sample was centrifuged at 7,400 ×g

for 30 min and kept at room temperature for 1−2 h for

the complete removal of the acetone. The pellet was dis-

solved in 100 mM potassium phosphate buffer of pH 7.0.

Degradation of benzo[a]pyrene 
10 mM benzo[a]pyrene was prepared by dissolving

benzo[a]pyrene in acetone in a glass tube and stored at

dark conditions. The reaction was carried out in the

reaction condition of 7.5% acetonitrile, temperature at

37℃, 100 μM benzo[a]pyrene and 6 U of crude laccase.

The degradation of benzo[a]pyrene by crude bacterial

laccase was compared with 5 U of Tramates versicolor

laccase (Sigma 38429). At the end of the reaction, the

ethyl acetate fractions were taken and evaporated. The

obtained degraded metabolites were then dissolved in

HPLC grade methanol. The residues of benzo[a]pyrene

were analyzed qualitatively by high performance thin

layer chromatography (HPTLC) technique (CAMAG

Linomat 5). In the course of developing the optimal

mobile phase for HPTLC, the following solvents were

tested - dichloromethane, methanol, acetic acid, chloro-

form, hexane, and ethyl acetate. The combination of

petroleum ether and ethyl acetate (3:5) proved to be the

best. The band developed was densitometrically scanned

at 293 nm for benzo[a]pyrene.

Results 

Screening of statistically significant variables for laccase
production by Bacillus sp. PK4

A total of eleven variables namely yeast extract, glu-

cose, zinc sulphate, copper sulphate, potassium chloride,

magnesium sulphate, calcium chloride, ferrous sulphate,

sodium chloride, potassium dihydrogen phosphate

(KH2PO4) and dipotassium hydrogen phosphate (K2HPO4)

were analyzed about their effect on laccase production

using a Plackett-Burman design. The eleven media com-

ponents selected were screened for their main effect

using 12 runs of a PB design (Table 1). 

According to Table 1, trial 11 showed the highest

enzyme production, whereas trial 10 and 8 showed low-

est enzyme production when compared to others. The

data on enzyme production was subjected to multiple

linear regression analysis using R software to find out

an estimate, t-value and p-value and is presented in

Table 1. Plackett-Burman experimental design for the evaluation of factors affecting laccase production by Bacillus sp. PK4.

Trial
Variables Laccase 

activity (U/ml)
Growth
(A600 nm)A B C D E F G H I J K

1 1 -1 1 1 -1 1 1 1 -1 -1 -1 9. 56 1.12

2 1 1 -1 1 1 1 -1 -1 -1 1 -1 1.69 0.76

3 -1 1 -1 1 1 -1 1 1 1 -1 -1 2.78 1.08

4 1 -1 -1 -1 1 -1 1 1 -1 1 1 0.61 1.16

5 1 1 1 -1 -1 -1 1 -1 1 1 -1 0.20 0.90

6 -1 1 1 1 -1 -1 -1 1 -1 1 1 2.58 1.36

7 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0.20 0.36

8 -1 -1 1 -1 1 1 -1 1 1 1 -1 0.14 1.04

9 1 -1 1 1 1 -1 -1 -1 1 -1 1 4.00 1.00

10 -1 1 1 -1 1 1 1 -1 -1 -1 1 0.14 0.44

11 -1 -1 -1 1 -1 1 1 -1 1 1 1 11.48 1.11

12 1 1 -1 -1 -1 1 -1 1 1 -1 1 0.47 1.06

All variables are studied at two levels (1 and -1). The variables A to K denotes: A - Glucose (1% and 2%), B - yeast extract (0.4% and 1.5%), C
- dipotassium hydrogen phosphate (0.1g/l and 2.0 g/l), D - magnesium sulphate (0.1 mM and 2.0 mM), E - sodium chloride (0.1 g/l and 1.0
g/l), F - ferrous sulphate (0.1 g/l and 0.5 g/l), G - copper sulphate (0.5 mM and 2.0 mM), H - calcium chloride (0.02 g/l and 0.1 g/l), I  - zinc
sulphate (0.1 g/l and 0.5 g/l), J - potassium chloride (0.1 g/l and 1.0 g/l) and K - potassium dihydorgen phosphate (0.1 g/l and 2.0 g/l). 
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Table 2. The Student’s t-test for any individual effect

allows an evaluation of the probability of finding the

observed impact purely by chance. The adequacy of the

model was tested and parameters with statistically sig-

nificant results were identified using the Fischer’s test

for analysis of variance (ANOVA). 

The analysis of variance showed that the model was

significant with model F-value of 32.05 (Table 2). The

factors having the values of p < 0.05 were considered to

have a significant effect on the laccase production. Yeast

extract, magnesium sulphate, sodium chloride, ferrous

sulphate and copper sulphate were found to have a p-

value less than 0.05, which indicated that they signifi-

cantly affect the laccase production. Among them, mag-

nesium sulphate, ferrous sulphate, and copper sulphate,

which show positive estimate, indicated their positive

effect on laccase production (Table 2). In contrary, yeast

extract and sodium chloride with the negative estimate

would be adverse to the laccase production (Table 2).

The correlation measures for testing the goodness of

fit of the regression equation is the coefficient of determi-

nation (R2). Predicted R2 is to indicate how well the

model predicts responses for new observations, whereas

R2 indicates how well the model fits the data. The pre-

dicted R2 can prevent overfitting the model and can be

more useful than adjusted R2 for comparing models

because it is calculated using observations not included

in the model estimation. For a good statistical model, R2

value should be close to 1.0 or 100% where a value >0.75

or 75% indicates the aptness of the model. The model

generated using Plackett-Burman design was found to

have an R2 value of 96.71% showing a good correlation

between observed and predicted response. The adjusted

determination coefficient (Adj R2) corrects the R2 value

for the sample size and the number of terms in the

model. Since the R2 tends to overestimate the strength of

association, the Adj R2 of 93.69% indicated that the

model would have the strong relationship even with the

addition of extra variables. Also, the predicted R2 was

found to be 86.83%, which was in reasonable agreement

with the Adj R2 and model R2. This indicated that there

was good agreement between the experimental and the-

oretical values predicted by the model and almost all the

variation could be accounted by the model equation.

In Plackett-Burman design, the effect of independent

variables on laccase production is given by the first order

linear model and is given by the following equation:

Y (laccase activity U/ml) = 2.82135 − 0.06481 A 

− 1.51003B − 0.05268 C + 2.25679 D − 1.26149 E 

+ 1.09287 F + 1.30752G − 0.13260 H + 0.35774 I 

− 0.03770 J + 0.39243K

where, A, B, C, D, E, F, G, H, I, J and K represent the

glucose, yeast extract, dipotassium hydrogen phosphate,

magnesium sulphate, sodium chloride, ferrous sulphate,

copper sulphate, calcium chloride, zinc sulphate, potas-

Table 2. Analysis of variance for laccase activity by Plackett-Burman Design.

Variables Estimate t-value DF Sum Sq Adj Mean Sq F-value Pr (>F)

Intercept 2.82135 14.43 12 323.234 032.05 3.532e-07

Glucose (A) -0.06481 -0.33 1 0.101 0.101 000.11 0.7459097

Yeast extract (B) -1.51003 -0.73 1 54.725 54.725 059.6879 5.364e-06

Dipotassium hydrogen phosphate (C) -0.05268 -0.27 1 0.067 0.067 000.0726 0.7921052

Magnesium sulphate (D) 2.52679 12.93 1 153.232 153.232 167.1290 2.100e-08

Sodium chloride (E) -1.26149 -6.45 1 38.193 39.193 041.6564 3.141e-05

 Ferrous sulphate(F) 1.09287 5.59 1 28.665 28.665 031.2643 0.0001177

Copper sulphate (G) 1.30752 6.69 1 41.030 41.030 044.7515 2.229e-05

Calcium chloride (H) -0.13260 -0.68 1 0.422 0.422 000.4602 0.5103862

Zinc sulphate (I) 0.35774 1.83 1 3.071 3.071 003.3194 0.0921658

Potassium chloride (J) -0.03770 -0.91 1 0.034 0.034 000.0372 0.8502789

Potassium dihydrogen phosphate (K) 0.39243 2.01 1 3.696 3.696 004.0313 0.0677195

Residuals 12 11.002 0.917

R-Sq = 96.71%, R-Sq (pred) = 86.83%, R-Sq (adj) = 93.69%.
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sium chloride and potassium dihydrogen phosphate

respectively.

The half-normal plot uses the estimated effects to com-

pare the magnitude of the main effect and to assess the

factors, which are important. From the half-normal plot

(Fig. 1) it can be inferred that most significant factor

affecting the laccase production was magnesium sul-

phate (D) and this was followed by yeast extract (B), cop-

per sulphate (G), sodium chloride (E) and ferrous

sulphate (F). However, from the main effect plot (Fig. 2)

it can be inferred that yeast extract and sodium chloride

had the negative effect on the laccase production that is

higher concentrations decreased the production of lac-

case. Increasing the levels of magnesium sulphate, cop-

per sulphate and ferrous sulphate significantly increased

the laccase production as evident from the main effect

plot (Fig. 2). The main effect plot for glucose, dipotas-

sium hydrogen orthophosphate, calcium chloride and

potassium chloride was horizontal indicating that the

response is same across all the factor levels. The potas-

sium dihydrogen phosphate and zinc sulphate at higher

concentrations increased the laccase production com-

pared to lower concentrations; however, the effect of

these factors was not statistically significant.

The significant variables with the negative effect

(yeast extract and sodium chloride) and other insignifi-

cant variables (dipotassium hydrogen phosphate, cal-

cium chloride, potassium chloride, potassium dihydrogen

phosphate and zinc sulphate) were maintained at their

lower levels. The significant positive factors magnesium

sulphate, copper sulphate and ferrous sulphate were

selected for further optimization by response surface

methodology. 

Steepest ascent method
The steepest ascent path was determined to find the

vicinity of optimum levels of variables by increasing or

decreasing the concentration according to the sign of the

Fig. 1. Half normal plot for laccase activity, alpha = 0.05. (B)
yeast extract, (D) magnesium sulphate, (E) sodium chloride, (F)
ferrous sulphate, (G) copper sulphate. 

Fig. 2. Main effect plot for laccase activity.
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main effects in Plackett-Burman design to improve the

laccase production. The path of the steepest ascent was

started from the mid value between the low and high

level of Plackett-Burman design and moved along the

path of the increasing concentration of magnesium sul-

phate, copper sulphate and ferrous sulphate as these

factors had a positive effect. Based on the estimate of the

selected variables, one basal increment (D) was defined

for each selected variable: an increase in the concentra-

tion of magnesium sulphate as 0.25 mM, copper sul-

phate as 0.25 mM and ferrous sulphate as 0.05 g/l. The

experimental design of steepest ascent method and lac-

case activity in each run is shown in Table 3.

Table 3 portrays that the highest production of laccase

(38.84 U/ml) reached at run 2 when the concentration of

magnesium sulphate as 1.5 mM, ferrous sulphate as

0.35 g/l and copper sulphate as 1.5 mM. Moreover, a fur-

ther increase in the concentration of the selected vari-

ables resulted in a decrease in the laccase production,

which might be due to the inhibitory effect of any one of

the selected components. The concentrations of the

selected variables at run two were chosen as center

points to optimize the media components in a Box-

Behnken design. 

Box-Behnken Design
The three variables, namely magnesium sulphate,

copper sulphate and ferrous sulphate that significantly

affected the laccase production were optimized by

response surface methodology using three factor three

level Box-Behnken design. The experimental conditions

and the corresponding results obtained are summarized

in Table 4. The maximum production was observed in

run 13 where the concentration of MgSO4, FeSO4 and

CuSO4 are 1.5 mM, 0.35 g/l and 1.5 mM, respectively.

The lowest production was observed at run 4, where the

MgSO4, FeSO4 and CuSO4 are 2.0 mM, 0.45 g/l and

1.5 mM at their uncoded values.

The P value (p ≤ 0.05) is used to determine whether

the effect of each factor in the model is statistically sig-

nificant. The adequacy of the model was tested, and the

parameters with the statistically significant effects were

identified using Fischer's test for analysis of variance

Table 3. Steepest path for the laccase activity.

Run
Magnesium 

sulphate 
(mM)

Ferrous
sulphate 

(g/l)

Copper 
sulphate 

(mM)

Laccase 
activity
(U/ml)

0 1.00 0.25 1 .00 18.95

0 + 1∆ 1.25 0.30 1.25 24.10

0 + 2∆ 1.50 0.35 1.50 38.84

0 + 3∆ 1.75 0.40 1.75 26.78

Table 4. Box-Behnken design for laccase production in uncoded variables with the experimental and predicted values.

Run Std. order
Magnesium 

sulphate (mM)
Ferrous 

sulphate (mM)
Copper 

sulphate (g/l)
Laccase production (U/ml)

Experimental value Predicted value Residual error

1 11 1.5 0.25 1.75 26.25 26.02 0.23

2 7 1 0.35 1.75 28.47 29.14 -0.67

3 8 2 0.35 1.75 28.15 28.27 -0.12

4 4 2 0.45 1.5 22.98 23.45 -0.47

5 10 1.5 0.45 1.25 30.33 30.56 -0.23

6 1 1 0.25 1.5 29.25 28.79 0.46

7 14 1.5 0.35 1.5 43.25 44.21 -0.76

8 6 2 0.35 1.25 37.25 36.55 0.70

9 12 1.5 0.45 1.75 25.25 24.66 0.59

10 9 1.5 0.25 1.25 36.78 37.36 -0.58

11 2 2 0.25 1.5 36.85 36.97 -0.12

12 3 1 0.45 1.5 34.25 34.13 0.12

13 15 1.5 0.35 1.5 45.25 44.21 1.04

14 5 1 0.35 1.25 38.25 38.14 0.11

15 13 1.5 0.35 1.5 44.12 44.21 -0.09
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(ANOVA) and the results are presented in Table 5. The

model F-value of 92.32 (Table 5) implied that developed

model in the present study is statically significant.

According to Table 5, the high F-value (92.32), a low

probability value (P < F < 0.05) and insignificant lack of

fit (0.6128434) for the developed model indicated that

the predicted value was in good agreement with the

experimental value. The model prob > F value of 5.077 e-05

was less than 0.05 showed that the model terms were

significant. 

Multiple correlation coefficients (R2) is an estimate of

the fraction of the overall variation in the data accounted

by the model. In the present study, the regression equa-

tion obtained from the ANOVA showed that the R2 value

of 0.9940 (a value >0.75 indicates fitness of the model).

The model explained 99.4% of variations and could not

explain only 0.6% of the changes of the total model. The

results indicated that predicted determination coeffi-

cient (R2 predicted) of 0.9429 was in considerable agree-

ment with the adjusted determinant coefficient of

0.9833. For a good statistical model, the value of R2 (pre-

dicted) and R2 (adjusted) should be in the range of 0−

1.0. It confirmed that the proposed model was statisti-

cally significant. 

Response surface plot
The significant medium components were further ana-

lyzed using 3D response surface plots, which are the

graphical representations of the regression model. The

optimum values of the variables were obtained by simu-

lating the experimental results using the empirical

model. From the 3D response surface plots, the interac-

Table 5. ANOVA for the quadratic equation for the response surface model.

Source Sum of Squares Df Mean square F- value
p-value

(prob >F)

Model 712.95 9 79.217 92.32 5.077e-05

Linear 185.10 3 61.700 71.9075 0.0001561

Two factor interaction 96.56 3 32.187 37.51117 0.0007487

Quadratic interaction 431.29 3 143.764 164.5477 1.954e-05

Residuals 4.29 5 0.858

Lack of fit 2.28 3 0.760 0.7554 0.6128434

Pure error 2.01 2 1.006

Total 717.243 14

R2 : 0.9940, Adj-R2 : 0.9833, Pred-R2: 0.9429, S: 0.926309, Press: 40.9889

Fig. 3. Response surface and contour plots for the production of laccase by Bacillus sp. PK4 as a function of ferrous sulphate
and magnesium sulphate.
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tions between any two factors are convenient to under-

stand and their optimum levels could also be obtained.

The laccase production was observed as a response vari-

able to the interaction between any two variable while

the rest of the variables are set as zero. The response

surface plot better visualizes the tendency of each factor

to influence the laccase production. The shape of the con-

tour plot shows the nature and extent of interaction

between the factors. An elliptical contour plot indicates a

prominent interaction, whereas circular contour plot

suggests negligible effect [13]. The elliptical contour

plots (Fig. 3 and Fig. 5) were obtained for the interaction

between copper sulphate and ferrous sulphate, copper

sulphate and magnesium sulphate demonstrating the

significant interaction. The circular contour plot is

obtained for magnesium sulphate and copper sulphate

(Fig. 4) which implies that interaction is not significant.

The stationary point in their original units was found

to be 1.5 mM, 0.33 g/l and 1.41 mM for magnesium sul-

phate, ferrous sulphate and copper sulphate respec-

tively. Their Eigenvalues were found to be negative

(-3.762408, -6.083891 and -9.706201) which indicated

that the stationary point is the point of maximum

response. The 3D response surface plot and 2D contour

Fig. 4. Response surface and contour plots for the production of laccase by Bacillus sp. PK4 as a function of magnesium sul-
phate and copper sulphate.

Fig. 5. Response surface and contour plots for the production of laccase by Bacillus sp. PK4 as a function of ferrous sulphate
and copper sulphate.
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plot (Figs. 3 to 5) also revealed that the maximum

response was located within the higher and lower values

of variables, which further validated the tested parame-

ters. 

Validation of the model
The optimal conditions for the laccase production by

the isolated strain Bacillus sp. PK4 were found to be

medium with MgSO4 – 1.5 mM, FeSO4 – 0.33 g/l and

CuSO4 − 1.41 mM. The corresponding laccase production

was 45.14 U/ml. To confirm the validity of the predicted

optimal response, experiments were carried out in tripli-

cates under the optimal conditions. The average laccase

production in optimized media was found to be 40.79 U/

ml at the end of 42 h of incubation. The good agreement

between the experimental and predicted results verified

the validity of the model.

Thus, the optimized media composition by statistical

design experiments for the laccase production by Bacillus

sp. PK4 was glucose (1%), yeast extract (0.4%), zinc sul-

phate (0.1 g/l), copper sulphate (1.41 mM), potassium

chloride (0.1 g/l), magnesium sulphate (1.5 mM), calcium

chloride (0.02 g/l), ferrous sulphate (0.33 g/l), sodium

chloride (0.1 g/l), KH2PO4 (0.1 g/l) and K2HPO4 (0.1 g/l).

Production of laccase by Bacillus sp. PK4 using agro waste
substrates

The use of agro wastes and industrial wastes for lac-

case production by microbes is an efficient way to reduce

the cost of production. Gonzalez et al. [14] pointed out

that laccase mediated delignification increases the nutri-

tional value of agro-industrial by-products for animal

feed or soil fertilizers. In the present study, sugarcane

bagasse, wheat bran, rice husk and groundnut shell

were used as substrates for the production of laccase by

Bacillus sp. PK4 under submerged fermentation (SmF).

2,6 dimethoxy phenol (2,6 DMP) was used to monitor the

laccase production at the end of 42 h of incubation. The

results are presented in Table 6.

A significant increase in the laccase activity of Bacil-

lus sp. PK4 was noticed in all the selected agro waste

substrates when compared with laccase activity in opti-

mized media (40.79 U/ml) with glucose as carbon source

except wheat bran, which gave significantly lower lac-

Table 6. Laccase production by Bacillus sp. PK4 in SmF.

Fermentation system
Laccase activity (U/ml)

Sugarcane bagasse Wheat bran Rice husk Groundnut shell

Submerged Fermentation 92 ± 3.0 20 ± 1.0 65 ± 3.06 117 ± 4.58

LSD (0.05) 4.45

Fig. 6. HPTLC profile of BAP treated with Bacillus sp. PK4 laccase. (A) BAP treated with crude enzyme extract of Bacillus sp. PK4,
(B) BAP treated with Tramates versicolor laccase, (C) BAP treated with heat inactivated crude enzyme extract of Bacillus sp. PK4,
(D) BAP treated with crude enzyme extract of Bacillus sp. PK4. 
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case activity under SmF conditions. However, there was

a significant (p < 0.05) difference in the laccase produc-

tion by Bacillus sp. PK4 on different substrates. Bacillus

sp. PK4 on groundnut shell gave significantly higher lac-

case activity in comparison with other selected sub-

strates.

Degradation of benzo[a]pyrene (BAP)
The HPTLC peak profile (densitometer scanning at

293 nm) of BAP degradation by bacterial laccase shows

the presence of the additional peak in different Rf value

(Fig. 6D). The BAP peak area at Rf value of 0.82

decreased gradually at 24 hr in both fungal and bacterial

laccase treated sample (Fig. 6B and 6D). The BAP deg-

radation ability of bacterial laccase is comparable with

commercially available Tramates versicolor laccase. The

heat-inactivated crude enzyme does not show any degra-

dation of BAP (Fig. 6C) and it further confirms that

enzyme plays a role in BAP degradation. 

Discussion

Bacillus species have long been used in the industry

for the production of secretory proteins and they gener-

ate a large number of extracellular enzymes which play

a significant role in present-day biotechnology. This spe-

cies is widely exploited because of their pathogenicity

and high secretion capacity and the existing knowledge

about their fermentation technology. Secretion as the

mode of production provides several advantages over

intracellular production due to easier purification, higher

yield, no aggregation of the production, possibility for

disulfide formation, continuous cultivation and produc-

tion [15]. The industrial scale application of laccase

requires overproduction, which can be achieved by using

genetic engineering and media manipulation. The media

manipulation is the good method for the overproduction

of enzyme as the secretion of the lignolytic enzyme is

influenced by the media components and cultivation con-

ditions. There is no general media for the laccase produc-

tion by different microbial strain. Every microbe evidences

its own idiosyncratic physicochemical and nutritional

requirement for the growth and enzyme production.

Optimizing the production conditions for laccase is

quite laborious and time-consuming. The use of statisti-

cal design to optimize the media components and culture

conditions has increased in present-day due to its ready

applicability and aptness. The model generated using

Plackett-Burman PB design does not describe the inter-

action among the factors as such, it is only used to evalu-

ate and select the important factors that influence the

response [16]. A significant variation in laccase produc-

tion ranging from 0.14 to 11.48 U/ml was observed in the

present study, which suggests the need for further opti-

mization. Among the five significant variables identified

in PB design, the yeast extract was found to exert the

high negative effect. The effect of nitrogen source and its

concentration on laccase production is highly divisive.

The high nitrogen concentrations (24 to 26 mM) are

required to maximize the laccase production in white-rot

fungi [17] with some exceptions Pycnoporus sp. [18, 19].

Cavallazzi et al. [20] reported that the effect of copper in

laccase production in culture is higher in low nitrogen

media (2.6 mM) rather than high nitrogen media

(26 mM). In the present study, the yeast extract at

higher concentration (1.5%) had a negative effect on the

laccase production. It might be due to the interactive

effect of copper in the presence of higher concentrations

of nitrogen.

The steepest ascent and Box- Behnken design were

applied to three significant positive factors identified in

PB design which gave nearly a 4-fold increase in the lac-

case production (40.79 U/ml) compared to unoptimized

media (11.38 U/ml). The significance of the factors opti-

mized in the present research namely MgSO4, CuSO4

and FeSO4 on laccase production was reported in previ-

ous literature. Piscitelli et al. [21] reported that metal

ions regulate laccase expression in fungi. Sondhi et al.

[22] reported MnSO4 and FeSO4 have maximum effect

on laccase production in Bacillus tequilensis. Santo et al.

[23] demonstrated that copper plays a significant role in

the induction of laccase production in bacteria. MgSO4

was the major considerable factor influencing the lac-

case production in Coriolus versicolor [24] and Agaricus

blazei [25]. Iron plays a major role in the induction of lac-

case production by acting at the transcriptional level

[26]. Niladevi et al. [27] showed MgSO4, yeast extract

and trace element significantly increased the laccase

production for Streptomyces psammoticus.

The production of laccase by Bacillus sp. PK4 was sig-

nificantly increased when sugarcane bagasse, rice husk

and groundnut shell were used as substrates and it was
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found to be substantially reduced when wheat bran was

used as the substrate in SmF in comparison to the lac-

case activity in media containing glucose as sole carbon

source. The observed significant difference in laccase

production for the selected substrates might be due to

their chemical and nutritional composition. Raju et al.

[28] reported that the groundnut shell has 19% hemicel-

lulose, 36% cellulose, 30% lignin and 5.9% ash whereas

sugarcane bagasse was found to have 40 to 46% cellu-

lose, 24.5 to 29% hemicellulose, 12.5 to 20% lignin and

1.5 to 2.4% ash. On the other hand, rice husk is having

53.18% cellulose, 4.63% hemicelluloses, 19.67% lignin

and 13.90% ash [29]. Finally, for wheat bran, the compo-

sitions are 8% cellulose, 31% hemicelluloses, 4% lignin

and 7% ash [30]. The lignin is one of the most important

compounds associated with laccase production by

microbes. A clear correlation between the lignin content

and laccase activity was observed. The highest laccase

activity was found in cultures that use groundnut shell,

which is reported to have 30% lignin content. The wheat

bran had lower lignin content (4%) compared to the

other substrates produced the significantly lesser

amount of laccase.

The lower laccase production in the media, which con-

tains wheat bran as substrate could be related to the

copper content and copper availability in the media. The

copper adsorption by wheat bran, sugarcane bagasse,

rice husk and groundnut shell has been reported in

terms of Langmuir based maximum adsorption capacity

(mg/g adsorbent) as 15.0 mg/g [31], 11.48 mg/g [32],

9.9 mg/g [33] and 10.15 mg/g [34] respectively. With the

backdrop of this literature, it can be suggested that

wheat bran has the maximum adsorption capacity of

copper compared to other selected substrates thereby

reducing the amount of exogenous copper available for

laccase induction. Various reports have already cited

that groundnut shell was used to enhance the laccase

production in fungi [35, 36]. Our study also adds to these

findings in which groundnut shell has been found to be a

potential inducer of extracellular laccase by Bacillus sp.

PK4.

Before optimization, the extracellular laccase produc-

tion was 2.13 U/ml and after optimization by statistical

design of the experiment, the production was increased

up to 40.79 U/ml and use of 10% agro waste residues

resulted in the hike of 117 U/ml. Thus, a combination of

the statistical design of experiment and use of agrowaste

residues achieved 63 fold increase in laccase production

as compared with nonoptimized media.

Singh et al. [37] optimized process conditions for the

laccase production in γ-proteobacterium using response

surface methodology and achieved maximum laccase

production of 7.4 × 104 nkat/lit at pH 8.0, 210 rpm,

100 μM of copper sulphate after 60 h of incubation.

Kuddus et al. [38] achieve the laccase production in

Pseudomonas putida of 94.1 U/ml. Kaushik and Thakur

[39] also demonstrated a nine-fold increase in laccase

production in Bacillus sp. by optimizing the concentra-

tion of tryptone, dextrose, CuSO4 and distillery effluent

by Taguchi approach. The partially purified laccase from

Bacillus sp. PK4 has the potential to degrade the high

redox compound benzo[a]pyrene.

In summary, the media conditions were optimized for

laccase production from Bacillus sp. PK4 using the sta-

tistical design of experiment to give higher yield. The

combination of agrowaste residue and optimized condi-

tion resulted in 63-fold increase in laccase production.

The production of an enzyme at lower cost using agrowaste

residues could help to exploit in a variety of bioremedia-

tion and biotechnology applications. Moreover, the lac-

case from Bacillus sp. PK4 has the potential to degrade

polycyclic aromatic hydrocarbon benzo[a]pyrene, thus

making the use of bacterial laccase in degradation of

highly toxic environmental pollutants.
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