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Abstract A halotolerant Planomicrobium species with

remarkable lipase activity, isolated from the sediments of a

mangrove, was investigated for the lipase purification,

yield and production improvement. The enzyme purifica-

tion was increased by 12.86-folds using a two-step purifi-

cation process by ammonium sulfate precipitation and gel

filtration chromatography. Subsequently, a submerged

fermentation was optimized for the maximum lipase pro-

duction using a response surface method (RSM). Several

variables, comprising 8 nutritional variables along with pH,

temperature and agitation speed were screened for the

effective ones by Placket–Burman design (PBD). The

effective variables were further examined for their opti-

mum levels for the enzyme production using a central

composite design (CCD). NaCl (1.28 % w/v), glucose

(1.20 % w/v), olive oil (1.35 % w/v), peptone (0.69 % w/v)

and pH (7.8) were found to be effective in maximizing the

enzyme productivity in a lab scale (10.08 U/ml of cell-free

supernatant) and a 10 l fermenter (9.89 U/ml). The results

suggested that the model is accurate and consistent in

predicting the best condition. Therefore, the strain under

this specific fermentation condition promises a good pro-

spect for a large-scale lipase production.
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Introduction

Microbial lipolytic enzymes have significant biotechno-

logical processes and industrial applications [1]. They

have served in many applications, including leather pro-

cessing, food industry, cosmetics, pharmaceutical prod-

ucts, remediation of wastewater, as an ingredient in dress

washing powders and in oleochemical and organic syn-

thesis under organic solvent conditions [2, 3]. The natural

function of these enzymes is to hydrolyze steric bonds in

various lipids such as triacylglycerol leading to the

release of more available compounds of fatty acids and

glycerol for assimilation by microbial cells acquiring

energy [4]. Versatile microbial species have already been

reported to secrete lipases with different enzymological

properties and specificities [5–9]. In this regard, extra-

cellular bacterial lipases have attracted considerable

interest in biotechnological perspectives, as their bulk

production and purification are much easier than intra-

cellular enzymes and enzymes derived from eukaryotic

cells [1]. The former needs further purification steps,

resulting in low yield of the product, and the latter

necessitates a more complex nutritional requirement and

sophisticated bioreactors, both of them raise expenses of

the production [1, 10].
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Once the appreciable activity of a strain is confirmed in

the prospect for production of a commercially-relevant

compound, the other major issues to be determined is the

optimization of the process. Even a little but consistent

improvement in yield in industrial scale means a high rise

in profit and is highly regarded [10, 11]. Therefore,

employment of a method with the prospect of expanding

the knowledge on influencing parameters could help to

keep the process under control. The more the experimental

design could explain the process, the more promising the

process is for scale-up success in the maximum yield of a

product [12, 13]. In this regard, response surface methods

(RSM) with varying experimental designs have shown to

provide definitive information as to how to elicit optimum

enzyme productivity from a fermentation. These methods

have been proven to be more efficient in finding the opti-

mum condition than one factor at a time (OFAT) method

[1, 14].

The lipase activity of a halotolerant strain of Planomi-

crobium has been illustrated along with the efficiency of an

enzyme purification process in the current investigation.

The main parameters and their interactions in relation to

the lipase yield have been examined in a submerged fer-

mentation process using RSM with central composite

design (CCD). Based on the empirical results obtained

from the experimental runs, the proposed suitable condition

for the maximum lipase production was ultimately checked

for fidelity and consistency in the enzyme yield in a lab and

pilot- scale batch fermentation.

Material and Methods

Materials

All the media components and chemicals were of analytical

grade which were purchased from Sigma-Aldrich (St.

Louis, Missouri). Dialysis cassettes with 12–14 kDa

molecular weight cut off (MWCO) and protein molecular

weight markers were also procured from Sigma-Aldrich.

Screening of Lipolytic Bacterial Strain

The Planomicrobium sp. MR23K was isolated from a

mangrove rhizosphere in an island Qeshm, south coast of

Iran. The microorganism was characterized as a lipase-

producing bacterium as a big halo zone formation was

observed around their colony on tributyrin agar medium

after 48 h incubation at 34 �C [15]. Physicochemical

studies followed by 16S rDNA sequence analysis were

carried out for identification of the bacterium. The primary

culture medium was a synthetic medium containing fol-

lowing nutrients (w/v) as 0.1 % yeast extract, 0.5 %

glucose, 0.5 % olive oil, 0.2 % K2HPO4, 2.5 % NaCl, and

0.5 % NH4Cl with initial pH 7.5, whose levels were opti-

mized for the maximum lipase production in the next

experiments.

Lipase Extraction and Purification

All purification steps were conducted at 4 �C. The cell-free
supernatant was served for the lipase enzyme purification.

Thus, an appropriate volume of the supernatant was mixed

with 70 % w/v glacial ammonium sulfate solution (1:1)

and kept in an ice-bath for the enzyme precipitation for

20 min. The precipitant was then collected by centrifuga-

tion at 3000g for 15 min at 4 �C, dissolved in phosphate

buffer (0.1 M, pH 7) and dialyzed overnight against an

extensive volume of phosphate buffer (0.01 M). The

enzyme purification was conducted using gel filtration

chromatography with a Sephadex G-100 column

(1.25 9 20 cm). Ten milliliters of the dialysate were loa-

ded onto the column pre-equilibrated with Tris-HCl buffer

(0.1 M, pH 8) and eluted with the same buffer until 20

fractions of 2 ml were taken. The fractions were collected

with every 10 min for determination of the lipase activity

and protein assay.

Protein Quantification

Total protein content was determined according to Brad-

ford method, using Bradford reagent and bovine serum

albumin (BSA) as the reagent for standard curve [16]. The

protein content was measured in the cell-free substrate, the

dialysate and for all fractions withdrawn from the Sepha-

dex column.

Lipase Activity Assay

Lipase activity was assayed according to Gupta et al. [17],

using 4-nitrophenyl palmitate (4-NPP) as the substrate and

indicator of hydrolysis activity. A 50 mM stock solution of

4-NPP was prepared using 1:1 ratio of acetonitrile and n-

butanol. The reaction mixture was prepared by adding

20 ll of the 4-NPP stock solution into 200 ll of the solu-

tions which were to be tested for the activity in Tris-HCl

buffer (1.8 ml). The reaction mixture was incubated at

37 �C for 15 min and then the reaction was halted by

adding 100 ll trichloroacetic acid (0.5 M). The respective

absorbance value was recorded at 410 nm by spectropho-

tometry. The unknown concentration of 4-nitrophenol

released was determined from the standard curve of 4-ni-

trophenol. One unit of lipase was defined as an amount of

enzyme releasing 1 lmol of 4-NP under standard assay

conditions.
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Determination of Molecular Weight

The molecular weight of the purified protein sample was

determined by SDS–PAGE [18]. Electrophoresis was car-

ried out with 4 % stacking gel and 12 % separating gel at

120 V for 150 min. The protein band was visualized using

a silver-staining kit. Relative molecular mass (Mr) was

estimated as compared to molecular mass markers. The

purified protein sample was also run on the PAGE with

12 % separating gel without SDS and the enzymatic fea-

ture of the loaded protein was determined with a chro-

mogenic zymography as a yellow color band was

developed on the gel after incubation at 37 �C for 15 min

[19].

Optimization of the Enzyme Fermentation

Plackett–Burman Design Experiment

A Plackett–Burman design (PBD) was employed for

identification of main variables affecting the crude lipase

production. A total of 11 independent variables with the

possible low and high levels were assessed for their sig-

nificance in the crude enzyme yield using outcomes of 12

experimental runs. These variables were as NaCl (0.5–3),

glucose (1–3), yeast extract (0.5–1), olive oil (0.5–1),

NH4Cl (0.25–0.5), peptone (0–0.1), MgSO4 (0–0.1), KH2-

PO4 (0.03–0.06) in w/v percentage, pH (4–8), agitation

speed (100–120 rpm) and temperature (25–35 �C). The

statistical software package of Design Expert� 7.0.0 (Stat-

Ease, Inc., Minneapolis, MN, USA) was applied to gen-

erate the design and analyze the outputs of the experiments.

The lipase activity of the media was assessed in the cell-

free supernatants precipitated by the ammonium sulfate

solution after 72 h of incubation.

Response Surface Method

The five significant variables, suggested by the PBD

analysis (Fig. 1), were examined for their optimum levels

suitable for the maximum lipase production. Hence, RSM

with a 25 full factorial CCD was employed with a total of

32 runs using Design-Expert software. The CCD that

consisted of factorial trails and star points was employed to

get a second-order model, explaining the quadratic effects

of the variables and the combined effects of their interac-

tions on the process variability in terms of lipase produc-

tion measured as the dependent response. The remaining

non-significant variables as KH2PO4, NH4Cl, MgSO4,

temperature, and agitation speed were maintained at their

respective minimum values. The basic quadratic polyno-

mial model explaining linear, quadratic and interactive

variables in relation to the system response was subjected

to model modification, whose insignificant terms were

omitted to increase the model fitness for the empirical

responses. This model is as follows.

Y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i¼1

bijx
2
i þ

XXk

i\j

bijxixj

where Y represents predicted response, Xi and Xj are the

input variables, and b0, bi, bii and bij are the regression

coefficients for intercept, linear, quadratic and interaction

terms, respectively. The following equation was employed

for coding the experimental values of the factors in the

range of -1 to ?1:

xi ¼
Xi � X0

DXi

where xi is the dimensionless value of an independent

variable, Xi is the actual value of the independent variable,

X0 is the value of Xi at the center point, and DXi is the step

change. The relation among the factors and the response

values was determined by analyzing the data in a statistical

approach, using multiple regression analysis. Analysis of

variance (ANOVA) was performed by Design-expert

software to determine the significance of each term in the

final equation and to estimate the goodness of fit for the

equation and every term. Moreover, the fitted polynomial

equation was utilized to generate three-dimensional

response plots to display the main and their combined

effects of the independent factors on the dependent

response. The concentration of different variables

Fig. 1 Molecular weight estimation of the bacterial lipase by

comparing the location of the associated band with those of a

molecular marker derived from bovine serum (Lane M). A single

band of a nearly 50 kDa on silver staining indicates the protein’s

purity (Lane 1) and the corresponding zymogram obtained from the

native pure protein on the PAGE supports the enzymatic feature of the

protein (Lane 2)
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suggested by the model, the best fermentation condition for

enzyme productivity, was double-checked in lab scale and

pilot-scale fermentations to verify whether the model was

reliable and consistent in achieving the optimum lipase

productivity.

Submerge Fermentation for Lipase Production

The fermentation was performed according to the favorable

condition, concluded from PBD and RSM analyses in a

10 l propeller-stirred batch fermenter (Biolab, B. Braun,

Germany). The crude enzyme yield was determined in the

ammonium sulfate precipitants. These included the desir-

able nutritional condition consisted of significant variables

(% w/v) as NaCl (1.28), glucose (1.20), olive oil (1.35) and

peptone (0.69) at pH 7.8, along with other nutrients

affecting lipolytic productivity insignificantly at their

respective minimum levels. Accordingly, a broth with the

bacterial growth at log phase was inoculated into a 6 l fresh

medium at the ratio of 1:9 (v/v) and the submerged culture

was incubated at 25 �C for 3 days at 100 rpm. During the

incubation time, samples were taken from the fermented

culture at 8 h intervals to monitor the lipase production and

microbial growth rate. The results were utilized to deter-

mine the period as when the productivity reached its

maximum level. Furthermore, the maximum production

was compared with the yield predicted by the equation and

ones obtained in the lab scale test to verify the validity and

ensure the consistency of the model in the prediction.

Results and Discussion

Purification of Lipase Enzyme from Planomicrobium

sp. MR23K

It was rational to first investigate how much purifying the

lipase would be successful before optimizing fermentation

condition for the crude lipase production. The lipolytic

activity in the cell-free supernatant was 22.31 U/mg of

total protein after 3 days of incubation (Table 1). After the

ammonium sulfate precipitation process, the recovery of

total protein was accompanied by increased lipase

harvesting yield (17.7-folds) with a specific activity of

29.39 U/mg that infers a 32 % increase in purification.

Further a considerable amount of purification (nearly

13-folds) was accomplished in the second step of the

purification, after gel filtration chromatography. In this

step, the enzyme yield was 21 % and the activity of the

enzyme reached up to 286.78 U/mg. According to Ogino

et al. [19], the purification of LST-03 organic solvent-tol-

erant lipase was increased by 34.7-folds with an overall

yield of 12.6 %. The lipase from Bacillus sphaericus was

purified 17-folds, with a specific activity of 377.69 U/mg,

using ammonium sulfate precipitation and DEAE-Sephar-

ose anion exchange chromatography [20]. In the present

study, the purification of a lipase from a halotolerant Pla-

nomicrobium species increased by 12.86-folds, associated

with a specific activity of 286.78 U/mg, using ammonium

sulfate precipitation and gel filtration column. The 16S

rDNA sequence of the bacterium was deposited in NCBI

Genbank with accession number of KT260165 and the

bacterium was termed as Planomicrobium sp. MR23K.

Determination of Molecular Weight

A single band appeared on a 12 % gel after silver staining,

with a molecular weight of roughly 50 kDa (Fig. 1). Pan-

igrahi et al. [21] reported a thermostable lipase from a

Brevibacillus species with a molecular weight of 70 kDa.

In contrast, Planococcus halocryophilus Or1 produced a

lipase with a low molecular weight of 33 kDa [22]. The

molecular weight of the most lipases from other gram-

positive bacilli has already been reported to be around

43–45 kDa [23]. Regarding the molecular weight of the

lipase in the present investigation, the study corroborates

with those of other lipases exemplified here [21–23].

Optimization of Fermentation Condition

PBD suggests a fractional factorial design with a minimum

collection of experimental runs to screen many factors for

significant ones. In this statistical approach, no interactions

between different parameters in a specific range were

observed. Furthermore, a linear correlation between the

response and a variable is sufficient for screening the main

Table 1 Summary of purification steps of the lipase from Planomicrobium sp. MR23K

Purification step Protein (mg/ml) Enzyme activity (U/ml) Specific activity (U/mg) Fold purification

Crude enzyme 0.02 0.45 22.31 1

Ammonium sulfate precipitation 0.27 7.97 29.39 1.32

Gel filtration chromatography 0.09 25.24 286.78 12.86
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variables. Among 11 variables considered in the PBD

approach, 5 variables were found to exert a significant

change in the enzyme yield (Fig. 2). These were NaCl,

glucose, olive oil, peptone and pH, indicating that their

changes could influence the yield of the lipase enzyme. To

discover the optimum levels of these significant variables, a

set of different experimental runs was employed.

Response surface methodology (RSM) is a collection of

empirical techniques for evaluation of relations between

controlled variables and measured response. To understand

the combined effects of interacting variables as well as

their main impacts on the lipase productivity, RSM with

CCD was applied for the selected variables obtained by the

PBD. By employing multiple regression analysis on the

experimental data, a second-order polynomial equation was

achieved describing the levels of lipase productivity as a

function of the significant variables. The quadratic poly-

nomial equation for the lipase productivity was explained

in terms of the coded values as following.

Y ¼ þ9:53� 0:61x1 þ 0:50x2 þ 0:44x3 � 0:051x4
þ 0:35x5 þ 0:16x1x2 � 0:18x1x3 þ 0:45x1x4
� 0:030x1x5 þ 0:068x2x3 þ 0:23x2x4 � 0:24x2x5

þ 0:066x3x4 þ 0:31x3x5 þ 0:11x4x5 � 0:29x21
� 1:32x22 � 0:49x23 � 0:82x24 � 0:35x25

where Y was the predicted crude lipase production, and x1,

x2, x3, x4 and x5 were the coded factors for NaCl, glucose,

pH, peptone and olive oil, respectively.

The analysis of variance (ANOVA) for the regression

equation is listed in Table 2. The pure error was very low,

indicating a perfect fit between the predicted values sug-

gested by the model and the real data. F-value is a ratio of

the mean square from the regression to the mean square

residual and P value is the estimated probability of

rejecting the null hypothesis (H0) when the null hypothesis

is true. The high F-value (47.06) and low P value

(\0.0001) implied that the model was very predictive and

significant. In other words, the sum of squares of ‘‘Lack of

Fit’’ with the low F value of 1.62 and P value [0.05

indicated that the Lack of Fit was not significant relative to

pure error. Taken together, the results indicated that there

would be a little chance to get the model due to errors.

The value of the predicted determination coefficient

(RPred
2 = 0.81) implied that 81 % of the total variation

could be explained by the regression equation. The value of

the adjusted determination coefficient (RAdj
2 = 0.97) was

also very high, indicating that the equation was highly

significant. In comparison, the predicted R square value

was very close to that of adjusted R square, which was an

accurate measure of precision [24].

The bacterial growth decreased as NaCl concentration in

the medium increased, which was accompanied by a

decrease in the enzyme activity (Fig. 3a). Considering the

strong coefficient of determination (R2 = 0.73), the

reduced lipase activity could be attributed to the reduced

bacterial density in the media containing the elevated NaCl

concentration (Fig. 3b). It was observed that the main

effects were significant for all coded factors, with the

exception of peptone (P\ 0.001). Additionally, the inter-

acting effects of glucose with peptone, glucose with olive

oil and olive oil with pH were found to be significant on the

lipase production in the fermentation (P\ 0.05). The

three-dimensional response surface graphs displayed the

combined effect of two interacting variables on the lipase

production while the other variables were maintained at

their average levels (Fig. 4). According to Fig. 4a, increase

in NaCl concentration in the medium resulted in a decrease

in the lipase production probably due to the bacterial

growth reduction, although the strain was tolerant to ele-

vated concentrations of salts. On the other hand, the

increase in peptone concentration enhanced the lipase

productivity to about 9.87 U/ml and after that it was

decreased with further increase in peptone concentration.

However, variation in the lipase productivity caused by the

peptone concentration was observed insignificant. Increase

in olive oil concentration enhanced the lipase productivity

up to 9.84 U/ml at pH 8 (Fig. 4b), while it did not affect

the lipase activity at pH 6, indicating that the lipase

probably was active at only pH 8. The major activity of the

lipase at alkaline condition is of great significance as

alkaline lipases are more suitable for application in

industrial sectors, like enzymatic bioscouring process in

textile industries as well as in laundry detergents [25, 26].

Increase in olive oil concentration increased the produc-

tivity steadily and the elevation of the glucose concentra-

tion enhanced firstly the lipase activity up to 9.65 U/ml, but

Fig. 2 Pareto chart showing the effect of different fermentation

variables on the lipase activity. Given the t value limit, it has been

revealed that pH, glucose, olive oil, NaCl and peptone variation could

influence the enzyme productivity as they exceed the t value limit. On

the other hand, as none of the parameters exceeds the Bonferroni

limit, it implies that all significant parameters share similar involve-

ment in the enzyme productivity
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Fig. 3 Enzyme activity reduced along with the bacterial growth

(optical density or OD) as the NaCl concentration increases in the

media (a). Given the strong coefficient of determination (R2 = 0.73),

the enzyme activity variation can be attributed to the bacterial growth

in the media (b). Asterisk depicts significant differences as compared

with the respective values of the enzyme activity and OD at zero NaCl

concentration, using one-way ANOVA and Tukey’s multiple com-

parison post-test at the significance level of 0.05 from GraphPad

prism version 5.0 (n = 3)

Fig. 4 Response surface plots

of lipase production in response

to the changing components in

the fermentation system.

Peptone with NaCl (a), olive oil
with pH (b), olive oil with

glucose (c) and peptone with

glucose (d). The values of the

parameters are expressed in

weight/volume percentage

Table 2 Analysis of variance (ANOVA) for the quadratic polynomial equation

Source Sum of squares Degrees of freedom Mean square F value P value

Model 101.02 20 5.05 47.06 \0.0001

Residual 1.18 11 0.11

Lack of fit 0.78 6 0.13 1.62 0.3058

Pure error 0.40 5 0.080

Cor total 102.20 31
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thereafter the lipolytic activity was decreased with further

increase in glucose (Fig. 4c). The same trend was also

observed for the lipase activity in relation to the glucose

concentration in Fig. 4d. The peptone concentration vari-

ation did not influence the lipase activity, given the P value

[0.05 for the peptone parameter. The reduction in lipase

productivity could be attributed to osmotic pressure caused

by elevated levels of glucose influencing both bacterial

growth and lipase productivity due to probably catabolic

carbon repression of the enzyme production [27].

According to the model, the maximum lipase activity

was estimated to be achieved at 1.28 % w/v NaCl, 1.20 %

w/v glucose, 1.35 % w/v olive oil, 0.69 % w/v peptone and

at pH 7.8, which was predicted at 10.22 U/ml. Under this

condition, where the remaining insignificant variables were

maintained at their minimum levels, the lipase productivity

was improved and increased up to 10.08 U/ml in the lab-

scale and 9.89 U/ml in the pilot-scale experiments after

48 h of incubation (Fig. 5). Considering the optical density

of the media, the increase in the enzyme activity could be

correlated to the enhanced bacterial biomass. Overall, the

model was confirmed as to be accurate and consistent in

predicting the enzyme productivity under the suggested

condition. Although some factors like agitation speed were

found to be unimportant in influencing the lipase produc-

tion, it may affect the productivity in a broader range than

the range (100–120 rpm) studied in the current investiga-

tion. Furthermore, it may affect the productivity in large-

scale fermentation system. On the other hand, parameters

like agitation and temperature are considered to be

important in large-scale production as they involve the

costs of the production. How much variation can be applied

with regard to these parameters without a significant

alteration in the productivity is a highly interesting ques-

tion from the industrial perspectives, especially in large-

scale fermentation systems, as the information helps to

reduce the costs of the production.

Conclusion

In the present work, a halotolerant Planomicrobium with

appreciable lipase activity was selected from the sediments

of a mangrove. The major accomplishment of a highly

purified lipase enzyme with a simple two-step purification

process is an encouraging success in industrial point of

view, regarding usually high expenses of down-stream

purification steps and low product yield. This encouraged

the authors to optimize the fermentation condition to obtain

maximum lipase production. In this regard, it was found

that adopting RSM approach could contribute to the com-

prehension of the effective parameters and discovery of the

optimum condition for the highest lipase productivity in

fermentation. Moreover, RSM could minimize the experi-

mental runs needed for an objective, which was the max-

imum lipase productivity in the present study. The

proposed model derived from the empirical experiments

was also proven to be reliable, since employing the pre-

dicted optimum condition resulted in consistently similar

outputs and maximum lipase productivity, in both the lab

scale and pilot-scale fermentations. Knowing the infor-

mation that lipase purification steps are amenable for a

large-scale lipase harvesting and that the estimated opti-

mum fermentation condition is reliable, this strain has a

promising prospect for application in the industrial pro-

duction of the lipase enzyme.

Fig. 5 Time-course illustration

of bacterial growth and enzyme

production using optical density

(OD) of media and the enzyme

activity of the cell free

supernatant. There is found no

difference between pilot scale

and lab scale results in the

enzyme activity and OD, using

two-way ANOVA and Tukey’s

multiple comparison post test at

the significance level of 0.05

from GraphPad prism version

5.0 (n = 3)
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