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Abstract A new thermostable and solvent-tolerant lipase was isolated from newly isolated
Staphylococcus warneri from oil-contaminated soil. Optimization of the fermentationmedia for
production of thermostable and organic solvent-tolerant lipase was carried out using two
statistical methods, i.e., Plackett–Burman design (PBD) and central composite design (CCD)
were used for the optimization of the media components. PBD was used to efficiently select
important medium components affecting the lipase production. Out of 15 medium components
screened, four components, i.e., olive oil, peptone, maltose, and K2HPO4 were found to
contribute positively to lipase production. CCD and response surface methodology (RSM)
were used to determine the optimum levels of the selected components using Design-Expert 8.0
software. Productionmediumwith olive oil (1.45%), peptone (0.28%), maltose (0.054%), and
K2HPO4 (0.091 %) was optimized with a maximum lipase production of 10.43 IU/ml/min.
Similarly, production conditions for the lipase production were optimized by using CCD and
RSM. Optimized conditions were found to have an incubation temperature of 55 °C, medium
pH of 8.0, agitation of 120 rpm, and inoculum volume of 2 %. RSM revealed the maximum
lipase production of 17.21 IU/ml using these optimized production conditions. Crude lipase
showed enhanced activity in organic solvents such as diethyl ether, hexane, and cyclohexane.

Keywords Solvent-tolerant thermostable lipase . Optimization . Statistical approach . PBD .

CCD . RSM

Introduction

Triacylglycerol hydrolases (E.C. 3.1.1.3), also known by their trivial name as lipases, are the
enzymes that catalyze the hydrolysis of long-chain acylglycerols in aqueous emulsions [1].
They are also capable of catalyzing other reactions, namely transesterification,
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interesterification, and esterification between a fatty acid and an alcohol which are the reverse
of hydrolysis [2]. Thermostable enzymes are particularly attractive for industrial applications
because of their high activity at elevated temperatures and stabilities in organic solvents [3, 4].
In addition, the ability of enzymes being active in the presence of organic solvents has received
a great deal of attention over the past two decades [5].

Optimization of medium composition is essential in order to produce optimum production
of microbial enzymes [6]. The greatest difficulty in optimization of culture conditions is the
presence of interactive effects of medium compositions and culture condition factors [7]. The
“one-factor-at-a-time”method, in which one independent variable is studied while maintaining
all the other factors at a fixed level, is laborious and time-consuming and cannot provide the
information about mutual interactions of the parameters on the desired outcome [8]. Statistical
experimental design, which is a collection of statistical techniques applicable to experimental
design, model building, evaluating the effect of factors, and screening optimum conditions of
factors for desirable responses, can overcome these shortages [9, 10].

Plackett–Burman design (PBD) is one of the “screening designs”. Such designs are
traditionally used for identifying important factors from among many potential factors [11].
In this context, this study was aimed at selecting the significant medium through PBD for
lipase production by Staphylococcus warneri. This design was selected based on its ability to
screen and evaluate the relevant medium components that affect the lipase production so as to
generate a reliable and more manageable set of components and to indicate how each
component affects the overall response [12, 13].

The use of a sequential experimental design strategy is a useful tool for process optimiza-
tion. Response surface methodology (RSM) provides important information regarding the
optimum level of each variable along with its interactions with other variables and their effects
on product yield. It reduces the number of experiments without neglecting the interactions
among the parameters [14–16].

The studied lipase from the S. warneri is a new thermostable and solvent-tolerant lipase;
and as per literature studies, though lipase has been reported for S. warneri [17, 18],
thermostability and solvent tolerance has not been reported so far. In a recent study, Lígia de
Abreu and coworkers studied solvent-tolerant lipase from S. warneri EX17, but solvent
tolerance is attained by immobilizing enzyme on hydrophobic support [19]. Hence, this first
attempt to report thermostable solvent-tolerant lipase from S. warneri.

Materials and Methods

Isolation and Identification of Microorganism

Microorganism was isolated from oil-contaminated soil by using minimal saline medium with
composition (NH4)2SO4, 0.5 %; KH2PO4, 0.1 %; K2HPO4, 0.35 %; NaCl,0.25 %;
MgSO4.7H2O, 0.05 %; olive oil,1 %; and organic solvent, 10 % [20]. Lipase producers were
screened using rhodamine B agar plate method [21, 22]. Biochemical studies and 16S
ribosomal RNA (rRNA) gene sequencing were carried out to identify the isolate.

Production of Lipase

The concentrations of components were adjusted according to the experimental design. For the
production of the inoculum, one loopful of the bacterial culture was transferred from a slant
culture into an Erlenmeyer flask (50 ml) containing 20 ml nutrient broth (NB) medium with pH
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7.0. The flask was incubated on a rotary shaker incubator at 55 °C and 100 rpm for 18 h.
Inoculation of the mediumwas carried out using the 18-h-old culture with 1% inoculum volume.
The fermentation was carried out at 55 °C on a rotary shaker incubator at 100 rpm for 48 h.

Experimental Methods and Analysis

Plackett–Burman Design

PBD, an efficient technique for medium component selection, was used to determine the
factors that significantly influence the lipase production [23]. Fifteen variables (Table 1) were
screened in 16 experimental runs (Table 2), and the insignificant variables were eliminated to
obtain a smaller, more manageable set of factors. The low level (−1) and high level (+1) of
each factor are listed in Table 1.

Central Composite Design

Central composite design (CCD) was employed to optimize the most significant factors
screened by PBD. It is one of the most commonly used response surface designs for fitting
second-order models [24]. CCD consists of F factorial points, 2k axial points (±α), and natural
center points. The factorial portion is used for fitting all linear and interaction terms. The axial
points provide additional levels of the factor for purposes of estimation of the quadratic terms.

CCD for Media Constituents

According to the CCD, four independent factors, namely, olive oil (X1), peptone (X2), maltose
(X3), and K2HPO4 (X4), were studied at five different levels (coded −2, −1, 0, +1, and +2)
with six repetitions at the central point and two replicates at axial and factorial points (Tables 3
and 4).

Table 1 Two levels of the variables used in Plackett–Burman design

Labels Variables Low level (−) High level (+) (%)

A Tween 80 0 1

B Olive oil 0 1

C Castor oil 0 1

D Tributyrin 0 1

E Glucose 0 0.10

F Maltose 0 0.10

G Peptone 0 0.50

H Beef extract 0 0.50

I NH4Cl 0 0.50

J Tryptone 0 0.50

K MgCl2 0 0.05

L K2HPO4 0 0.10

M MgSO4 0 0.05

N NaH2PO4 0 0.10

O CaCl2 0 0.01
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CCD for the Production Process Optimization

According to the CCD, four independent factors, namely, pH (X1), temperature (X2), agitation
(X3), and inoculum volume (X4), were studied at five different levels (coded: −2, −1, 0, +1,
and +2) with six repetitions at the central point and two replicates at axial and factorial points
(Tables 5 and 6).

Statistical Analysis

Design-Expert 8.0 software was employed for the experimental designs and regression
analysis of the experimental results.

Assay of Lipase

Lipase activity was checked using p-nitrophenol as a standard and p-nitrophenyldodecanoate
as substrate. A standard curve from 0.005 to 0.05 mmol p-nitrophenol was prepared using

Table 2 Experimental design and results of the Plackett–Burman design

Variable run A B C D E F G H I J K L M N O Lipase activity
(IU/ml/min)

1 + + + − − + − + + − − + − − − 10.37

2 − + + + − − + − + + – – + – – 3.28

3 − − + + + − − + − + + − − + − 2.44

4 − − − + + + − − + − + + − − + 0.91

5 + − − − + + + − − + − + + − − 6.51

6 − + − − − + + + − − + − + + − 8.53

7 − − + − − − + + + − − + − + + 5.56

8 + − − + − − − + + + − − + − + 2.42

9 + + − − + − − − + + + − − + − 2.98

10 − + + − − + − − − + + + − − + 3.07

11 + − + + − − + − − − + + + − − 1.69

12 − + − + + − − + − − − + + + − 2.45

13 − − + − + + − − + − − − + + + 0.91

14 + − − + − + + − − + − − − + + 2.28

15 + + − − + − + + − − + − − − + 5.09

16 + + + + + + + + + + + + + + + 5.13

Table 3 Coded values of each factor for optimization of medium using central composite design

Coded value of the factors X1: olive oil (%) X2: peptone (%) X3: maltose (%) X4: K2HPO4 (%)

+2 2.5 0.9 0.150 0.150

+1 2.0 0.7 0.125 0.125

0 1.5 0.5 0.100 0.100

−1 1.0 0.3 0.075 0.075

−2 0.5 0.1 0.050 0.050
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Table 4 Central composite design (CCD) of factors for medium optimization in coded levels with enzyme
activity as response

Standard
order

Factor 1
A: olive oil

Factor 2
B: peptone

Factor 3
C: maltose

Factor 4
D: K2HPO4

Experimental
response

Predicted
response

1 −1 −1 −1 +1 4.78745 7.15

2 −1 −1 +1 −1 7.85278 8.15

3 −1 +1 −1 −1 10.3604 10.51

4 −1 +1 +1 +1 8.21892 8.06

5 +1 −1 −1 −1 9.44292 7.07

6 +1 −1 +1 +1 6.52873 6.47

7 +1 +1 −1 +1 6.3861 6.47

8 +1 +1 +1 −1 0.456606 0.10

9 0 0 0 0 9.19386 8.89

10 0 0 0 0 1.51031 1.86

11 −1 −1 −1 −1 6.9683 6.58

12 −1 −1 +1 +1 7.57179 9.29

13 −1 +1 −1 +1 6.24987 6.00

14 −1 +1 +1 −1 0.478958 −0.32
15 +1 −1 −1 +1 6.17323 6.00

16 +1 −1 +1 −1 1.19739 2.11

17 +1 +1 −1 −1 5.83264 6.77

18 +1 +1 +1 +1 7.5207 6.69

19 0 0 0 0 10.1496 8.54

20 0 0 0 0 7.85278 8.35

21 −2 0 0 0 6.4819 6.44

22 +2 0 0 0 6.2762 6.10

23 0 0 0 0 4.32978 6.10

24 0 −2 0 0 7.17798 6.11

25 0 +2 0 0 6.19452 6.10

26 0 0 −2 0 1.62633 4.85

27 0 0 +2 0 5.87947 5.77

28 0 0 0 −2 10.5647 7.36

29 0 0 0 +2 4.88324 6.44

30 0 0 0 0 7.61649 5.26

Table 5 Coded values of each factor for optimization of production process using CCD

Coded value of the factors X1: pH X2: temperature (°C) X3: agitation (rpm) X4: inoculum volume (%)

+2 9 60 150 2.5

+1 8 55 120 2

0 7 50 90 1.5

−1 6 45 60 1

−2 5 40 30 0.5
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0.1 M Tris-Cl buffer of pH 8.2 as diluents. Absorbance was measured at 410 nm using 0.1 M
Tris-Cl buffer of pH 8.2 as a blank. Lipase activity of the test sample was calculated on the
basis of release of the p-nitrophenol from substrate p-nitrophenyldodecanoate. One unit
enzyme activity is defined as the micromole of p-nitrophenol release [25].

Effect of Organic Solvents on Lipase Activity

S. warneri was cultured aerobically in the absence of the organic solvents at 55 °C for 48 h in
shaking incubator at 120 rpm. Culture medium was centrifuged at 10,000 rpm at 4 °C for
15 min. Supernatant was filtered through 0.45-μm filter paper. One milliliter of organic solvent
was added to 3.0 ml of the cell free supernatant and preincubated at 55 °C while shaking at

Table 6 CCD of factors for production process optimization in coded levels with enzyme activity as response

Standard
order

Factor
1
A: pH

Factor 2
B :
temperature

Factor 3
C :
agitation

Factor 4
D : i n o c u l u m
volume

Experimental
response

Predicted
response

1 −1 −1 −1 +1 13.9109 12.80

2 −1 −1 +1 −1 12.9669 10.39

3 −1 +1 −1 −1 9.51061 10.39

4 −1 +1 +1 +1 14.5021 12.09

5 +1 −1 −1 −1 8.40682 7.62

6 +1 −1 +1 +1 7.31246 8.07

7 +1 +1 −1 +1 11.9128 13.20

8 +1 +1 +1 −1 11.7195 14.08

9 0 0 0 0 18.4867 11.29

10 0 0 0 0 1.31479 5.84

11 −1 −1 −1 −1 16.6751 10.39

12 −1 −1 +1 +1 0.593626 3.04

13 −1 +1 −1 +1 7.51874 10.39

14 −1 +1 +1 −1 6.17875 6.06

15 +1 −1 −1 +1 3.30667 7.60

16 +1 −1 +1 −1 19.6103 17.33

17 +1 +1 −1 −1 11.0166 11.18

18 +1 +1 +1 +1 18.1738 16.33

19 0 0 0 0 11.9985 10.39

20 0 0 0 0 0.450337 0.74

21 −2 0 0 0 18.0576 15.87

22 +2 0 0 0 20.2179 14.94

23 0 0 0 0 1.36833 15.64

24 0 −2 0 0 0.566858 −2.82
25 0 +2 0 0 10.3766 8.69

26 0 0 −2 0 12.6724 13.18

27 0 0 +2 0 19.1502 16.36

28 0 0 0 −2 2.73194 5.14

29 0 0 0 +2 10.5064 15.08

30 0 0 0 0 10.4869 10.39
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150 rpm for 30 min to insure the continuous mixing of the enzyme and solvent. The enzyme
stability was expressed as the remaining activity assayed according to p-nitrophenol assay for
lipase relative to the control value. For control, distilled water was added instead of solvent.
The tested organic solvents were ethyl acetate, xylene, propanol, benzene, chloroform, petro-
leum ether, DMSO, n-hexane, and cyclohexane [26].

Results and Discussion

Isolation and Identification of the Organism

Initial screening of lipase producers was carried out using rhodamine B agar and tributyrin
agar. Rhodamine B agar showed orange fluorescence around the colonies of lipase producers
as shown in Fig. 1. The complete 16S rRNA gene of isolate was sequenced, and the analysis
clearly demonstrated that the isolated strain was a member of the genus Staphylococcus and
exhibited maximum similarity with the 16S rRNA gene sequence of S. warneri strain (99 %
sequence similarity).

Screening of Nutrients Using PBD

PBD for 16 trials with two levels of concentrations for 15 different variables were carried out
according to the experimental matrix as shown in Table 1 and Table 2, and lipase activity was
measured as response. The maximum lipase activity (10.37 IU/ml/min) was observed in trial
number 1, while the minimum lipase activity (0.91 IU/ml/min) was observed in trial number 4.
Main effects of the examined variables on lipase production were calculated using a formula
mentioned below and presented graphically in Fig. 2.

Fig. 1 Orange fluorescence by Staphylococcus warneri on rhodamine B agar plate
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Main effect ¼ Difference of average of response at þð Þ level and average of response at −ð Þ level
Out of 15 variables studied, the lipase production was influenced by an increase in the

concentration of olive oil, peptone, maltose, and K2HPO4.

Optimization of the Nutrients Concentration Using CCD

The levels of the factors selected based on PBD: olive oil (X1), peptone (X2), maltose (X3),
and K2HPO4 (X4), and the effect of their interactions on thermostable solvent-tolerant lipase
production were determined by CCD of RSM. The experimental range selected for CCD is
shown in Table 3. The predicted and observed responses along with the design matrix were
presented in Table 4. The results were analyzed by Analysis of Variance (ANOVA). The
experimental results were fitted with a second-order polynomial equation. Two-factor interac-
tion model (2FI) was used to study CCD (p<0.05). The model used for the study was found
statistically significant as p=0.0011 which is less than 0.05. Effect of interaction of peptone
with maltose, KH2PO4 with maltose, and peptone with KH2PO4 was found statistically
significant. p value was found less than 0.05 as shown in Table 7.

The values of regression coefficients (in coded units) were calculated, and the fitted
equation was used for predicting enzyme activity. The second-order regression equation
provided levels of lipase activity as a function of olive oil, peptone, maltose, and K2HPO4

concentration which can be presented in terms of coded factors as in the following equation:

Y ¼ 6:19−0:1� A−2:661E−003� B−0:42� Cþ 0:63� Dþ 0:24� A� B−0:23� A� C−0:67� A
�Dþ 1:76� B� C−1:96� B� Dþ 1:58� C� D

where Y is the lipase activity (IU/ml/min) produced as a function of the coded levels of olive
oil (A), peptone (B), maltose (C), and K2HPO4 (D) concentration.

From the abovementioned equation, highest predicted lipase activity was found to be
10.56 IU/ml/min at optimized levels of factors, i.e., olive oil 1.45 %, peptone 0.28 %, maltose
0.054, and K2HPO4 0.091 % as mentioned in Table 8.

Fig. 2 Main effect of the individual nutrient on the production of the lipase
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RSM Plots

The interactive effects of variables on lipase production were studied by plotting 3D surface
curves against two independent variables, while keeping the other variables at their central (0)
level. Response surface plots are more helpful in understanding both the main effects and
interaction effects of these factors [27].

The 3D curves of the predicted lipase production and contour plots from the statistically
significant interactions between the variables (p<0.05) were shown in Figs. 3, 4, and 5.
Figure 3 shows the response surface plot effects of peptone and maltose, while other two
variables are kept constant at zero level. It was observed that the lipase activity was high at
lower levels of both maltose and peptone. But lipase activity was decreased at higher levels of
both maltose and peptone. Figure 4 shows the response surface plot effects of peptone and
K2HPO4 concentration, and from the figure, it is seen that activity increases at a lower level of
peptone and a high level of K2HPO4. Decrease in the lipase activity was observed at both
lower and higher levels of peptone and also at low levels of K2HPO4. Figure 5 shows the effect
of maltose and KH2PO4 concentration, while two other variables were kept fixed at zero
levels. It was observed that activity increased at a lower level of maltose and higher level of
KH2PO4, and the lipase activity seemed to decrease at a lower level of KH2PO4 and a higher
level of maltose.

Table 7 ANOVA results for results for the variables used in CCD

Source Sum of squares df Mean square F value p value Prob>F

Block 1.24 2 0.62

Model 174.33 10 17.43 5.49 0.0011 Significant

A—olive oil 0.68 1 0.68 0.21 0.6496

B—peptone 1.699E-004 1 1.699E-004 5.356E-005 0.9942

C—maltose 4.26 1 4.26 1.34 0.2627

D—K2HPO4 9.49 1 9.49 2.99 0.1018

AB 0.92 1 0.92 0.29 0.5963

AC 0.86 1 0.86 0.27 0.6086

AD 7.09 1 7.09 2.24 0.1532

BC 49.72 1 49.72 15.67 0.0010 Significant

BD 61.27 1 61.27 19.31 0.0004 Significant

CD 40.03 1 40.03 12.62 0.0025 Significant

Residual 53.93 17 3.17

Lack of fit 53.92 14 3.85 702.67 <0.167 Nonsignificant

Pure error 0.016 3 5.481E-003

Cor total 229.51 29

Table 8 Predicted optimized levels of the factors using equation

Factors Olive oil Peptone Maltose K2HPO4

Predicted levels (%) w/v 1.45 0.28 0.054 0.091
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Fig. 3 Response surface curve of the effect of peptone and maltose on production of lipase from Staphylococcus
warneri under conditions predicted in the model

Fig. 4 Response surface curve of the effect of K2HPO4 and peptone on production of lipase from Staphylo-
coccus warneri under conditions predicted in the model
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Optimization of the Process Parameters Using CCD

Production conditions like pH (X1), temperature (X2), agitation (X3), and inoculum volume
(X4) and the effect of their interactions on thermostable solvent-tolerant lipase production were
determined by CCD of RSM. The experimental range selected for CCD is shown in Table 5.

Fig. 5 Response surface curve of the effect of maltose and K2HPO4 on production of lipase from Staphylo-
coccus warneri under conditions predicted in the model

Table 9 ANOVA results for the variables used in CCD

Source Sum of squares df Mean square F value p value Prob>F

Model 671.05 10 67.10 2.75 0.0278 Significant

A—pH 124.28 1 124.28 5.09 0.0361 Significant

B—temperature 165.27 1 165.27 6.77 0.0175 Significant

C—agitation 17.30 1 17.30 0.71 0.4105

D—inoculum 46.74 1 46.74 1.91 0.1826

AB 178.67 1 178.67 7.32 0.0140 Significant

AC 76.81 1 76.81 3.15 0.0922

AD 6.57 1 6.57 0.27 0.6099

BC 54.38 1 54.38 2.23 0.1521

BD 2.891E-008 1 2.891E-008 1.184E-009 1.0000

CD 1.03 1 1.03 0.042 0.8391

Residual 463.96 19 24.42

Lack of fit 413.95 14 29.57 2.96 0.1187 Not significant

Pure error 50.01 5 10.00

Cor total 1135.01 29
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The predicted and observed responses along with the design matrix were presented in Table 6.
The results were analyzed by ANOVA. The experimental results were fitted with a second-
order polynomial equation. Two-factor interaction model (2FI) was used to study CCD
(p<0.05). The model used for the study was found statistically significant as p=0.0287 which
is less than 0.05. Effects of individual parameters like temperature and pH on the lipase
production were found to be statistically significant (p<0.05). Effect of interaction of pH and
temperature was found to be statistically significant (p<0.05) as shown in Table 9.

The values of regression coefficients (in coded units) were calculated, and the fitted
equation was used for predicting enzyme activity. The second-order regression equation
provided levels of lipase activity as a function of pH, temperature, agitation, and inoculum
volume which can be presented in terms of coded factors as in the following equation:

Y ¼ 10:39þ 2:2� Aþ 2:6� Bþ 0:85� Cþ 1:40� D−3:34� A� Bþ 2:19� A� C−0:64� A� D
þ1:84� B� Cþ 4:251E−005� B� D−0:25� C� D

where Y is the lipase activity (IU/ml/min) produced as a function of the coded levels of pH (A),
temperature (B), agitation (C), and inoculum volume (D).

From the abovementioned equation, highest predicted lipase activity was found to be
16.33 IU/ml/min at optimized levels of production parameters, i.e., as mentioned in Table 10.

Table 10 Predicted optimized levels of the parameters using equation

Parameters pH Temperature (°C) Agitation (RPM) Inoculum volume (%)

Predicted levels 8.0 55 120 1

Fig. 6 Response surface curve of the effect of pH and temperature on production of lipase from Staphylococcus
warneri under conditions predicted in the model
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RSM Plots

In process parameter optimization, interaction of the pH and temperature was found to be
statistically significant which has been shown as a contour plot in Fig. 6. Lipase production
was increased at high levels of both pH and temperature. There was a decrease in the
production of lipase at lower levels of both pH and temperature.

Validation of the Model

Validation was carried out in shake flasks under conditions predicted by the model. The
experimental values were found to be very close to the predicted values, and hence, the
model was successfully validated. The predicted response for the optimized medium
composition by the model was 10.56 IU/ml/min which were found to be very close to the
experimental value, 10.43 IU/ml/min. The predicted response for the optimized condi-
tions for the lipase production was 16.33 IU/ml/min which were very close to the
experimental value, 17.21 IU/ml/min.

Fig. 7 Relative activity of crude lipase in organic solvents. Water was kept as a control (100 % lipase activity)

Table 11 Relative activity of lipase in different organic solvents

Solvent Relative lipase activity (%)

Water 100

Xylene 80.24±2.97

Propan-2-ol 12.58±0.25

Benzene 98.80±2.59

Petroleum ether 102.98±1.75

Ethyl acetate 30.58±1.64

Toluene 90.13±0.20

Hexane 101.37±2.04

DMSO 5.12±0.63

Cyclohexane 110.22±3.46
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Effect of Organic Solvents on Lipase Activity

In the present study, crude lipase from S. warneri was tested with various organic solvents.
Petroleum ether (102.98±1.75 %), n-hexane (101.37±2.04 %), and cyclohexane (110.22±
3.46 %) showed enhancement in lipase activity. Crude lipase was stable in the solvents
benzene, xylene, and toluene with remaining lipase activity, i.e., 98.80±2.59 %, 80.24±
2.97, and 13±0.20 %, respectively, whereas propanol, DMSO, and ethyl acetate showed
decrease in lipase activity, i.e., 12.58±0.25, 5.12±0.63, and 30.58±1.64, respectively (Fig. 7
and Table 11). This could be due to high polarity of these solvents which removed the water
surrounding the enzyme, causing inactivation of the enzyme. Hydrophilic solvents capable of
removing water layer surrounding enzyme and lead to insufficiently hydrated enzyme mole-
cule and decrease the enzyme activity [28].

Conclusion

A potent lipase-producing Staphylococcus spp. was isolated from the oil-contaminated soil
using rhodamine B agar plate. Complete 16 s rDNA sequencing identified it as S. warneriwith
99 % similarity in the sequence. The use of statistical models to optimize medium components
has increased in the present bioprocess industry due to its easy applicability and reliability. In
the present study, PBD was successfully used to determine the effective medium components
for the production of thermostable and solvent-tolerant lipase from S. warneri. Four compo-
nents found to have a positive effect on lipase production were olive oil, peptone, maltose, and
K2HPO4. In further optimization using CCD and RSM, optimized values of the variables for
lipase production were as follows: olive oil 1.45 %, peptone 0.28 %, maltose 0.054 %, and
K2HPO4 0.091 %. By using these optimized variables in the medium experimentally, the
resultant lipase activity reached up to 10.43 IU/ml/min. To enhance the production of the
lipase, production parameters were optimized using CCD. Production parameters pH, temper-
ature, agitation, and inoculum volume were optimized at levels of 8.0, 55 °C, 120 rpm, and
1 %, respectively. Using these optimized parameters experimentally, lipase production was
found to be 17.21 IU/ml/min. The predicted and experimental results obtained were found to
be similar, reflecting the accuracy and applicability of the CCD for process optimization.
Crude lipase was very stable in various solvents and demonstrated enhanced activity in
solvents like petroleum ether, n-hexane, and cyclohexane. It showed retention of >90 % lipase
activity in benzene and toluene and 80 % lipase activity in xylene.

In recent studies, microorganisms like Aneurinibacillus thermoaerophilus strain HZ (lipase
activity 2.78±0.21 IU/mg) [29], Pseudomonas sp. strain S5 (lipase activity 3.2 U/mg) [30],
Serratia marcescens ECU1010 (lipase activity 22.6 IU/ml) [31], Bacillus sphaericus MTCC
7542 (lipase activity 3.33 IU/ml) [32], Burkholderia multivorans V2 (lipase activity 6.477 IU/
ml) [33], Geobacillus sp. strain ARM [34], and Streptomyces sp. CS133 [35] have been
reported to produce solvent-tolerant and thermostable lipase. Compared to these reported
studies, optimized production medium in the current study showed high production of
thermostable and solvent-tolerant lipase from S. warneri with activity of 17.21 IU/ml/min at
pH 8.2 and temperature 55 °C. Also, lipase showed high solvent tolerance in different organic
solvents as compared to above mentioned lipases. Thus, S. warneri lipase possesses a unique
combination of thermostability and solvent tolerance, which makes it a promising candidate
for most of the industrial processes in which lipases are employed. As far as literature search,
this is the first report for S. warneri producing thermostable solvent-tolerant lipase, which can
fulfill various industrial applications.
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