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A sequential optimization strategy, based on statistical

experimental designs, is employed to enhance the production

of alkaline protease by a Bacillus pseudofirmus local isolate.

To screen the bioprocess parameters significantly influencing

the alkaline protease activity, a 2-level Plackett-Burman design

was applied. Among 15 variables tested, the pH, peptone, and

incubation time were selected based on their high positive

significant effect on the protease activity. A near-optimum

medium formulation was then obtained that increased the

protease yield by more than 5-fold. Thereafter, the response

surface methodology (RSM) was adopted to acquire the best

process conditions among the selected variables, where a 3-level

Box-Behnken design was utilized to create a polynomial

quadratic model correlating the relationship between the three

variables and the protease activity. The optimal combination

of the major medium constituents for alkaline protease

production, evaluated using the nonlinear optimization

algorithm of EXCEL-Solver, was as follows: pH of 9.5,

2% peptone, and incubation time of 60 h. The predicted

optimum alkaline protease activity was 3,213 U/ml/min,

which was 6.4 times the activity with the basal medium.

Keywords: Haloalkaliphiles, optimization of alkaline protease,

statistical experimental design

Alkaline proteases are a physiologically and commercially

important group of enzymes that catalyze the hydrolysis of

peptide bonds in protein molecules [24]. Protease enzymes

constitute at least 60% of the total industrial enzyme market

[34], where they are incorporated into different industrial

applications, such as laundry detergents, leather preparation,

protein recovery or solubilization, and organic synthesis

[4, 27]. Although almost all microorganisms produce proteases,

only those microbes that produce substantial amounts of

extracellular enzymes are of industrial importance. Extracellular

protease production in microorganisms is highly influenced

by the media components, variations in the C/N ratio, the

presence of some easily metabolizable sugars, such as

glucose [7, 14, 23], and the presence of metal ions [40]. In

addition, several other factors, such as the aeration, inoculum

density, pH, temperature, and incubation time, also affect

the amount of protease produced [17, 26]. Process optimization

is a topic of central importance for industrial production

processes, where the classical optimization method of one

variable at a time (OVAT) is most frequently used. However,

this strategy is not only time and effort consuming, but also

lacks a study of the interaction between variables [15].

Thus, statistical approaches can offer cost-effective solutions

for process optimization studies in biotechnology, as they

provide pre-planned methods through which interaction

between variables can be calculated [14, 15].

Accordingly, the present study presents a sequential

optimization strategy to improve the production of alkaline

protease by a locally isolated Bacillus sp. The first step

involves a screening experiment using a Plackett-Burman

fractional factorial design to address the most significant

factors affecting production among the studied variables.

The second step then determines the optimum levels of the

most significant variables identified in the first step

through a nonlinear optimization algorithm and application

of the response surface methodology. Finally, the last step

involves experimental verification of the theoretical solution

to validate the polynomial model.

MATERIAL AND METHODS

Microorganism

The bacterial strain used in this work, designated as Mn6, was isolated

from olive field soil samples collected from the El-Menia governorate,
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Egypt. This strain was selected from a group of haloalkaliphiles that

had been isolated on an alkaline nutrient broth medium with the

following composition (g/l): Peptone, 5; NaCl, 5; Yeast extract, 2; Beef

extract, 1; Na2CO3, 10.6; and NaHCO3, 8.42. The pH was initially

adjusted to 10 using sterilized Na2CO3, and a NaHCO3 sesquicarbonate

solution was then added separately after autoclaving. The alkaline

nutrient broth medium was used as a preculture medium in this study.

DNA Isolation from Bacterial Strain

An overnight culture of the target Mn6 isolate grown at 30oC was used

for the preparation of the genomic DNA. The DNA was isolated using

a Promega kit for the preparation of genomic DNA according to the

manufacturer’s instructions.

Identification of Bacterial Strain

The bacterium was characterized and identified by 16S rRNA gene

sequencing using the universal primers AGAGTTTGATCMTGGCTC-

AG (position 8 in the 16S rRNA gene according to E. coli numbering)

and TACGGYACCTTGTTACGACTT (position 1,514 in the 16S rRNA

gene according to E. coli numbering). The PCR mixture consisted of

25 pmol of each primer, 10 ng of chromosomal DNA, 200 mM

dNTPs, and 2.5 U of Taq polymerase in 50 µl of a polymerase

buffer. The PCR was carried out for 30 cycles at 94
o
C for 1 min,

55
o
C for 1 min, and 72

o
C for 2 min. After completion, a fraction of the

PCR mixture was examined using agarose gel electrophoresis [5]

and the remnant mixture purified using a QIAquick PCR purification

reagent (Qiagen). The 16S rRNA gene fragment (1,442 bp length)

was sequenced in both directions and the Blast program (http://

www.ncbi.nlm.nih.gov/blast) used to assess the DNA similarities. A

multiple sequence alignment and the molecular phylogeny were

performed using BioEdit [16]. The phylogenetic tree was generated

using the TREEVIEW program [28], and the sequence has since

been deposited in the GenBank under Accession No EU315248.

Enzyme Production Conditions

The protease production was carried out in 250-ml conical flasks

containing 50 ml of a medium, incubated at 30oC under shaking

conditions of 200 rpm, and inoculated with 1% of the 12-h-old alkaline

nutrient broth culture. After the specified cultivation time for each set of

experimental trials, the culture broth was centrifuged at 10,000 rpm for

10 min and the cell-free supernatant used for the enzyme determination.

Enzyme Assays

The qualitative determination of alkaline protease was carried out

using a well cut or cup assay according to Vidyasagar et al. [41].

The medium contained 1% Bovine milk-casein in a 50 mM glycine-

NaOH buffer at pH 10 with 0.5% NaCl and a 2% (w/v) agar. After

sterilization, 0.1 mg% sodium azide was added and the medium poured

into Petri plates. Then, 6-mm-diameter cups were made in each plate

using a sterilized cork borer, and the culture filtrate of the tested

bacterium was added carefully into the wells and incubated at 45
o
C for

24 h. Following the incubation, the plates were developed with 15%

(w/v) mercuric chloride in 20% HCl. The appearance of a clear

transparent zone was indicative of hydrolysis of the substrate by an

extracellular protease. Additionally, the diameter of the clear zone was

considered a semi quantitative estimation of protease activity.

Meanwhile, the quantitative estimation of alkaline protease activity

was carried out according to Anson [3], where 1% of bovine milk casein

in a 50 mM glycine-NaOH buffer, pH 10, with 0.5% NaCl was

incubated with the enzyme at 60oC. One unit of protease activity

Table 1. Randomized Plackett-Burman experimental design for evaluating factors influencing alkaline protease production.
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Protease
activity

U/ml/min

01 -1(1) -1(1) -1(0.2) -1(1) -1(0.2) -1(1) -1(0.2) -1(0.5) -1(0.4) -1(5) -1(0) -1(0) -1(8) -1(45) -1(24) 141

02 -1(0.2) -1(1) -1(1) -1(0.2) -1(1) -1(0.2) -1(1) -1(0) -1(0.4) -1(5) -1(0.001) -1(0) -1(8) -1(30) -1(48) 108

03 -1(1) -1(0.2) -1(1) -1(1) -1(0.2) -1(1) -1(0.2 -1(0.5) -1(0.1) -1(5) -1(0.001) -1(0.01) -1(8) -1(30) -1(24) 090

04 -1(0.2) -1(1) -1(0.2) -1(1) -1(1) -1(0.2) -1(1) -1(0) -1(0.4) -1(0.5) -1(0.001) -1(0.01) -1(11) -1(30) -1(24) 294

05 -1(0.2) -1(0.2) -1(1) -1(0.2) -1(1) -1(1) -1(0.2) -1(0.5) -1(0.1) -1(5) -1(0) -1(0.01) -1(11) -1(45) -1(24) 101

06 -1(0.2) -1(0.2) -1(0.2) -1(1) -1(0.2) -1(1) -1(1) -1(0) -1(0.4) -1(0.5) -1(0.001) -1(0) -1(11) -1(45) -1(48) 750

07 -1(1) -1(0.2) -1(0.2) -1(0.2) -1(1) -1(0.2) -1(1) -1(0.5) -1(0.1) -1(5) -1(0) -1(0.01) -1(8) -1(45) -1(48) 148

08 -1(1) -1(1) -1(0.2) -1(0.2) -1(0.2) -1(1) -1(0.2) -1(0.5) -1(0.4) -1(0.5) -1(0.001) -1(0) -1(11) -1(30) -1(48) 461

09 -1(1) -1(1) -1(1) -1(0.2) -1(0.2) -1(0.2) -1(1) -1(0) -1(0.4) -1(5) -1(0) -1(0.01) -1(8) -1(45) -1(24) 117

10 -1(0.2) -1(1) -1(1) -1(1) -1(0.2) -1(0.2) -1(0.2) -1(0.5) -1(0.1) -1(5) -1(0.001) -1(0) -1(11) -1(30) -1(48) 226

11 -1(1) -1(0.2) -1(1) -1(1) -1(1) -1(0.2) -1(0.2) -1(0) -1(0.4) -1(0.5) -1(0.001) -1(0.01) -1(8) -1(45) -1(24) 021

12 -1(0.2) -1(1) -1(0.2) -1(1) -1(1) -1(1) -1(0.2) -1(0) -1(0.1) -1(5) -1(0) -1(0.01) -1(11) -1(30) -1(48) 903

13 -1(1) -1(0.2) -1(1) -1(0.2) -1(1) -1(1) -1(1) -1(0) -1(0.1) -1(0.5) -1(0.001) -1(0) -1(11) -1(45) -1(24) 061

14 -1(0.2) -1(1) -1(0.2) -1(1) -1(0.2) -1(1) -1(1) -1(0.5) -1(0.1) -1(0.5) -1(0) -1(0.01) -1(8) -1(45) -1(48) 521

15 -1(1) -1(0.2) -1(1) -1(0.2) -1(1) -1(0.2) -1(1) -1(0.5) -1(0.4) -1(0.5) -1(0) -1(0) -1(11) -1(30) -1(48) 430

16 -1(0.2) -1(0.2) -1(0.2) -1(0.2) -1(0.2) -1(0.2) -1(0.2) -1(0) -1(0.1) -1(0.5) -1(0) -1(0) -1(8) -1(30) -1(24) 946

Variable levels are presented between brackets expressed as g%.
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was defined as the amount of enzyme that yielded the equivalent of

1 µmol of tyrosine per minute under the assay conditions.

Determination of Glucose Concentration

The residual glucose was determined by the analytic colorimetric method

using a Glucose Oxidation Kit (Diamond Diagnostics, Egypt).

Plackett-Burman Screening Design

For the screening, various medium components and culture parameters

were evaluated. Using a Plackett-Burman factorial design, each factor

was examined on two levels: -1 for a low level and +1 for a high level

[32]. This design is particularly practical, as it deals with the case when

an investigator is faced with a large number of factors and is unsure

which settings will likely produce the optimum responses [39]. Table 1

illustrates the design matrix with both coded and natural values of the

studied variables along with the trial results. The Plackett-Burman

experimental design was based on a first-order model:

where Y is the response (enzyme activity), β0 is the model intercept,

βi is the linear coefficient, and Xi is the level of the independent

variable. This model does not describe any interaction among factors,

and is used to screen and determine the important factors that influence

the response.

In the present work, 15 assigned variables were screened in 16

trial experimental designs. All the experiments were carried out in

triplicate and the averages of the protease activity were taken as the

response (Table 1).

Box-Behnken Design

To describe the nature of the response surface in the experimental

region and to identify the optimum conditions for enzyme production, a

Box-Behnken design [8] was applied. Table 3 presents the design

matrix, consisting of 13 trials to study the most significant variables

Y β0 βiXi∑+=

Fig. 1. Phylogenetic relation between isolate Mn6 and other haloalkaliphilic bacilli from the GenBank database, according to 16S
rDNA sequence similarity, showing close relationship to Bacillus pseudofirmus.
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affecting protease activity. Each variable was studied on three levels,

coded -1, 0, and +1 for low, middle, and high values, respectively.

To predict the optimal point, a second-order polynomial function

was fitted to correlate the relationship between the independent

variables and the response (alkaline protease activity). For three

factors, the equation was

Y=β0+β1 X1+β2 X2+β3 X3+β12X1X2+β13X1X3

Y=+β23 X2X3+β11X1

2
+β22 X2

2
+β33 X3

2

where Y is the predicted response, β0 is the model constant, X1, X2,

and X3 are the independent variables, β1, β2, and β3 are the linear

coefficients, β12, β13, and β23 are the cross-product coefficients, and

β11, β22, and β33 are the quadratic coefficients. Microsoft Excel 97 was

used for the regression analysis of the experimental data obtained. The

quality of fit of the polynomial model equation was expressed by a

coefficient of determination, R2. The experiments were performed in

triplicate and the mean values are given.

Statistical Analysis of Data

The enzyme activity data were subjected to multiple linear regressions

using Microsoft Excel 97 to estimate the t-values, p-values, and

confidence levels expressing the p-value as a percentage. The optimal

enzyme activity value was estimated using the Solver function of

the Microsoft Excel tools.

RESULT AND DISCUSSION

Isolation, Characterization, and Molecular Identification

of Alkaline Protease-producing Bacteria

In the preliminary screening program for the isolation of

alkaline protease-producing bacteria, 200 isolates were obtained

from soil and water samples collected at different localities

across Egypt. Qualitative and quantitative assessments of the

alkaline protease activity were performed using cell-free

supernatants, after growing the bacteria in an alkaline nutrient

broth initially adjusted to pH 9.5, at 30oC, and under shaking

conditions (200 rpm) for 48 h. The Mn6 isolate was then

selected from among the locally isolated haloalkaliphiles,

as it was found to produce an alkaline protease with a high

potency (500 U/ml/min) under the previously reported assay

conditions: temperature 60oC, pH 10, and salinity 0.5%.

Although different reaction conditions were initially tested

(data not shown), the reported conditions were considered

the optimal ones. Similarly, the keratinase activity from B.

pseudofirmus reached its maximum measurable enzyme titer

(38 U/ml) under the following conditions: temperature

60oC and pH 8.8-10.3, as reported by Kojima et al [22].

As regards the morphological and physiological characteristics

of the selected isolate, it was rod shaped, grew over a wide

range of pHs (7.5-12), temperatures (25-45oC), and NaCl

Table 2. Statistical analysis of Plackett-Burman design showing
coefficient values, t-test, and P-values for each variable affecting
alkaline protease activity.

Variables Coefficient t-test P-value
Confidence

level%

Glucose 0-38.24 0-7.15 0.089 91.15

Starch 0-85.64 -16.00 0.040 96.03

Sodium acetate 0-71.20 -12.13 0.052 94.76

Yeast extract −020.71 −03.56 0.174 82.56

Beef extract -103.35 -17.63 0.036 96.39

Peptone −043.29 −07.63 0.083 91.71

Casein hydrolysate 0-44.97 0-7.69 0.082 91.76

(NH4)2SO4 -159.54 -27.58 0.023 97.69

KH2PO4 −−-7.53 −-1.23 0.433 56.64

NaCl −-66.78 -11.54 0.055 94.50

FeSO4 -162.32 -27.74 0.023 97.71

MgSO4 · 7H2O −07.86 −01.39 0.398 60.21

Culture pH −44.28 −07.55 0.084 91.62

Temperature -113.05 -19.43 0.033 96.73

Incubation time −118.82 −20.23 0.031 96.86

Table 3. Box-Behnken factorial experimental design representing response of alkaline protease enzyme activity as influenced by peptone
(g%), pH, and incubation time (h).

Trial Peptone (X1) pH (X2) Incubation time (X3)
Protease activity (U/ml/min)

Measured Predicted

01 -1 (1)0. -1 (9)− −0 (48) 2,831 2,581

02 −1 (2)0. -1 (9)− −0 (48) 3,341 3,090

03 -1 (1)0. −1 (11) −0 (48) 1,002 1,253

04 −1 (2)0. −1 (11) −0 (48) 2,164 2,414

05 -1 (1)0. −0 (10) -1 (24) 1,210 1,196

06 −1 (2)0. −0 (10) -1 (24) 1,608 1,748

07 -1 (1)0. −0 (10) −1 (72) 2,566 2,580

08 −1 (2)0. −0 (10) −1 (72) 3,271 3,132

09 −0 (1.5) -1 (9)0 -1 (24) 1,656 1,845

10 −0 (1.5) −1 (11) -1 (24) 1,008 0694

11 −0 (1.5) -1 (9)0 −1 (72) 1,920 2,234

12 −0 (1.5) −1 (11) −1 (72) 1,004 0816

13 −0 (1.5) −0 (10) −0 (48) 2,326 2,326
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concentrations (0-15%), was catalase positive, and able to

degrade starch.

To identify the isolate on a molecular basis, the 16S rRNA

gene was amplified, sequenced, and deposited in the GeneBank

under Accession No. EU315248. The sequence analysis

revealed a close relationship to Bacillus pseudofirmus clone

124 (Accession No. AB201977) with the maximum identity

(99%). A phylogenetic tree was constructed using the ClustalX

program (Fig. 1), and confirmed the sequence analysis.

Evaluation of Culture Conditions Affecting Alkaline

Protease Production by Bacillus pseudofirmus Mn6

Screening a large number of variables is generally essential

when an investigator is unsure which settings are likely to

produce the optimal or nearly optimal responses. Thus,

identifying the key response(s) and all possible process factors

is a crucial step in the experimental design methodology.

Additionally, literature and prior experience are also considered

valuable resources for choosing the factor settings [39].

However, in this study, the factors affecting the alkaline

protease production by Bacillus pseudofirmus Mn6 were

identified using a Plackett-Burman statistical design. Settings

of 15 independent variables were examined, as shown in

Table 1. The experiments were carried out according to the

experimental matrix presented in Table 1, where the alkaline

protease (U/ml/min) was the measured response. A wide

variation was found among the different trials (21.1 to

945.6 U/ml/min), as shown in Table 1, thereby emphasizing

the importance of medium optimization to attain a higher

productivity.

The main effect of the examined variables on alkaline

protease production was calculated as the difference between

the average measurements made at the high level (+1) and

low level (-1) of that factor, as presented graphically in Fig. 2.

From an analysis of the regression coefficients, t-test,

and p-value for the 15 variables (Table 2), the incubation

time, peptone, and culture pH were identified as the most

significant variables increasing the alkaline protease production

with p-values of 0.031, 0.083, and 0.084, respectively, whereas

FeSO4, (NH4)2SO4, the incubation temperature, and beef

extract were the most significant variables decreasing the

alkaline protease production with p-values of 0.023, 0.023,

0.033, and 0.083, respectively.

A t-test of an individual effect allows an evaluation of the

probability of finding the observed effect purely by chance,

and some investigators have found that confidence levels greater

than 70% are acceptable [38]. Thus, in the current experiment,

variables with confidence levels exceeding 91.6% were

considered as significant. Moreover, the quality of fit of the

polynomial model equation was expressed by the coefficient

of determination R2, which was 0.99 for the full alkaline

protease model.

Thus, by neglecting the terms that were insignificant

(p>0.084), the model equation for the alkaline protease

activity was written as

YAlkaline protease=332.34-85.64X2-71.2X3-103.35X5

                     +43.29X6-44.97X7-159.54X8-66.78X10

                     -162.32X11+44.28X13-113.05X14+118.82X15

where X2, X3, X5, X6, X7, X8, X10, X11, X13, X14, and X15

are starch, sodium acetate, beef extract, peptone, casein

hydrolysate, NH4SO4, NaCl, culture pH, temperature and

incubation time; respectively.

One of the advantages of a Plackett-Burman design is

that it allows the operator to rank the effect of different

variables based on the measured response, independent of

its nature (either nutritional or physical factor) or sign

(whether it contributes positively or negatively).

Thus, from the confidence level of the variables, it was

apparent that peptone, the pH, and incubation time were

the most significant variables affecting the alkaline protease

production. Among the tested carbon-nitrogen sources, peptone

was the only source that showed a high significant positive

effect. This reflects the vitality role of organic carbon-nitrogen

for growth and enzyme synthesis [23], and matches other

findings [12, 21, 25, 31, 33], where it was reported that the

Fig. 2. Effect of environmental factors on alkaline protease activity (U/ml/min).



OPTIMIZATION OF B. PSEUDOFIRMUS PROTEASE BY NUMERICAL MODELING 383

use of complex nitrogen sources, such as peptone and yeast

extracts, increases the enzyme yield. Meanwhile, other reports

have stated that a high protease yield was observed in the

presence of ammonium sulfate, potassium nitrate, or sodium

nitrate as the nitrogen source [20, 37]. However, in this

study, the carbon sources of starch, acetate, and glucose

had an adverse effect on the enzyme production, which

agreed with other reports [6, 12, 29], where a reduction in

protease production was observed with a high carbohydrate

concentration, and particularly monosacchride sugars that

can cause catabolic repression. Therefore, carbohydrates need

to be added either continuously or in aliquots throughout the

fermentation to supplement the exhausted component, keep

the volume limited, and thereby reduce the power requirement.

The incubation time showed a high significant positive

effect on the enzyme production, as well as the pH. In previous

literature, the effect of individual physical factors and varying

the optimal incubation time and pH values are generally

reviewed, although depending on the species producing

the enzyme [10, 12, 29, 36, 39].

Based on the Plackett-Burman results, a preliminary

experiment was carried out using different formulations of

trial number 12, which gave the highest yield (903 U/ml/min), to

find the most promising formula (data not shown). A medium

with the composition (%) of Glucose, 0.2; Starch, 0.2; Yeast

extract, 1; Peptone, 1; KH2PO4, 0.1; and MgSO4.7H2O,

0.01 was found to be the most potent  and gave 2,623 U/ml/min

after 48 h under shaking at 30oC and pH 11. Thus, it was

used as the basal medium for the Box-Behnken design.

Response Surface Methodology for Optimization of

Alkaline Protease Production by B. pseudofirmus Mn6

The response surface methodology is widely applied to optimize

enzyme production and has already been reported in many

studies [1, 2, 9, 11, 13]. Thus, to determine the optimum

response region for alkaline protease activity, the significant

independent variables (peptone, pH, and incubation time)

were further studied at three levels: -1, 0, and +1. The 13-

trial design matrix illustrating the Box-Behnken design is

represented in Table 3, along with the experimental results

of protease activity. All the trials were performed in triplicate

and the average observation was used.

Presenting the experimental results in the form of surface

plots, Fig. 3 shows that a lower pH supported a high protease

activity level, whereas higher enzyme levels were attained

when increasing the incubation time, especially when the

peptone level was high and the pH was low. Thus, to predict

the optimal point, within the experimental constraints, a second-

order polynomial function was fitted to the experimental

results (nonlinear optimization algorithm) of protease activity:

Y=2326+276.3347 X1-641.84 X2+127.7139 X3

Y=+21.91944 X1X2-564.322 X1X3-66.8 X2X3

Y=+317.1347X1
2
-449.615 X2

2
-479.185 X3

2

where X1, X2, and X3 are the peptone, culture pH, and incubation

time, respectively. At the model level, the correlation measures

used to estimate the regression equation are the multiple

correlation coefficients R and determination coefficient R2.

The closer the value of R is to 1, the better the correlation

between the measured and the predicted values. In this

experiment, the value of R was 0.966 for the alkaline

protease activity, indicating a high degree of correlation

between the experimental and predicted values. Meanwhile,

the value of the determination coefficient, R2=0.93, for the

Fig. 3. Three-dimensional response surfaces representing alkaline
protease enzyme yield (U/ml/min) from B. pseudofirmus Mn6 as
affected by culture conditions.
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alkaline protease activity, being a measure of fit for the model,

indicated that about 7% of the total variations were not

explained by the enzyme activity. The optimal levels of the

three components, as obtained from the maximum point of

the polynomial model, were then estimated using the solver

function of the Microsoft Excel tools and found to be peptone

2%, pH 9.5 (adjusted initially), and incubation time 60 h

with a predicted activity of 3,213 U/ml/min. As such, the

value of the enzyme activity in the optimized medium was

3.6-fold the value under basal conditions, thereby emphasizing

the necessity and value of an optimization process. Similarly,

the response surface methodology has also been used to

optimize the alkaline protease production by Bacillus sp.

RKY3 and Bacillus sp. L21, where the yields reached to

939 U/ml and 269 U/ml, respectively, under optimized

conditions [35, 39]. Moreover, it has been reported that the

presence of peptone at a concentration of 0.075 g% and

incubation time of up to 144 h are optimal for Bacillus sp.,

giving a yield of 750 U/ml [33].

In the present study, the maximum yield was attained

optimally at an initial pH of 9.5 and after an incubation time

of 60 h, which agrees with the reported classification of Bacillus

pseudofirmus as an obligate alkaliphile, making it unable

to grow well at neutral pH values [19].

Verification of Model and Growth Pattern

To determine the accuracy of the quadratic polynomial, a

verification experiment was carried out under the basal and

predicted optimal conditions, while monitoring the growth,

alkaline protease activity, and residual glucose concentration

in the optimized medium. As shown in Fig. 4, the basal medium

showed a typical growth pattern and recorded a relatively

low enzyme activity with the maximum (920 U/ml/min)

attained after 20 h. Owing to the presence of two carbon

sources in the optimized medium, namely glucose and starch,

a diauxic growth pattern was exhibited as these carbon

sources were successively consumed. Moreover, since Bacillus

pseudofirmus is already known as a starch-degrading species

[18], the presence of α-amylase resulted in the consumption

of starch and an increase of alkaline protease in the medium.

Furthermore, the glucose consumption in the optimized

medium and continuation of growth after its complete depletion

led to the conclusion that the production of the protease

enzyme in the optimized medium was growth associated

and controlled by the rate of carbon source consumption,

where the maximum enzyme yield (3,360 U/ml/min) was

attained after 60 h. Similarly, enzyme production was found

to correspond with growth and reached a maximum level

(410 U/ml) during the early stationary phase in the case of

another newly isolated haloalkaliphilic Bacillus sp. [30].

The optimal conditions realized from the optimization

experiment were verified experimentally and compared with

the predicted optimum from the model. As a result, the

estimated alkaline protease activity was 3,391 U/ml/min,

where the predicted value from the polynomial model was

3,360 U/ml/min. Therefore, this high degree of accuracy (98%)

Fig. 4. Time course of growth and alkaline protease activity by B. pseudofirmus Mn6 in basal and optimized media.
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confirmed the validity of the model under the following optimal

conditions: Peptone 2%, Yeast extract 1%, Glucose 0.2%,

Starch 0.2%, KH2PO4 0.1%, MgSO4 0.01%, at pH 9.5, with a

cultivation temperature of 30oC and incubation time of 60 h.

When screening the factors affecting the production of

certain secondary metabolites, it is very important to test

as many factors as possible and identify their individual

significance. Thus, a Plackett-Burman design offers an effective

and fast screening procedure that can mathematically

compute the significance of a large number of factors in

one experiment, thereby saving time and providing credible

information on each component. Although interaction is

not included in this design, it is not the first priority when

screening a large number of variables. Thus, only the key

factors with positive significance are selected for additional

optimization, whereas those with a high negative effect on

the bioprocess can be dropped from all further experiments.

This highlights the value of a Plackett-Burman design

as an effective tool for elucidating the most important

variables affecting the response. Consequently, this design

is recommended when more than five factors are under

investigation.

Meanwhile, applying a Box-Behnken design to optimize

the selected factors for maximal production is an efficient

method that evaluates the interactive effect of each factor.

In addition, it converts the bioprocess factor correlations

into a mathematical model that predicts where the optimum

is likely to be located. Therefore, applying such experimental

designs is strongly recommended to microbial industry

sponsors to enable highly efficient and profitable bioprocesses.
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