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Abstract: Production of alkaline protease from B. licheniformis N-2 was studied in shake flask experiments in growth medium
comprised of (g/l): glucose, 10; soybean meal, 10; K,HPO,, 5; MgS0,.7H,0, 0.5; NaCl, 0.5; CaCl,.2H,0, 0.5. Different process
parameters, such as fermentation period, initial pH, incubation temperature, agitation speed, and size and age of inoculum, were
optimized for the maximum yield of the alkaline protease. Maximum enzyme production (991.04 PU/ml) was obtained after 24 h of
incubation at 37 °C in growth medium of pH 10. The optimum inoculum size and age were determined as 2.0% (v/v) and 24 h,
respectively. Kinetics of growth and protease production by this microorganism were also analyzed at all optimum conditions.
Biomass (Y,,) and product yield (Y,) coefficients were determined as 0.375 g of cells/g of glucose and 99.3 PU/g of glucose, with
a growth rate of (0.215 h") after 24 h of incubation. Thereafter, a continuous decrease in biomass and product yield was observed.
The results indicate that enzyme production by B. licheniformis N-2 was entirely growth-associated and that a major portion of the
enzyme was secreted in the post exponential phase.
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Bacillus licheniformis N-2 Araciligi ile Alkalin Proteaz Uretiminin islem Parametrelerinin
Optimizasyonu ve Batch Fermentasyonla Kinetik Calismalar

Ozet: B. licheniformis N-2 bakterisinden alkalin proteaz iiretimi icin calkalamal erlenlerde, 10 glukoz, 10 soybean meal, 5 K,HPO,,
0,5 MgS0,, 0,5 NaCl ve 0,5 CaCl,.2H,0 (g/l) intiva eden blyime besi yerinde ¢ogaltiimistir. Maksimum alkalin proteaz riini elde
etmek icin fermentasyon zamani, baslangi¢ pH, inkubasyon sicaklidi, calkalama hizi, inokulumun biyUklugu ve yasi gibi fakli islem
parametreleri denenmistir. Maksimum enzim Gretimi (991,04 PU/ml) pH si 10 olan besi yerinde 37 °C de 24 saat inklibasyon sonrasi
elde edilmistir. Optimum inokulasyon orani ve inokulumun yasi % 2 (v/v) ve 24 saat olarak belirlenmistir. Bltun optimum sartlarda
bu organizma tarafindan Uretilen proteaz ve biylime kinetigi incelenmistir. 24 saat inkubasyon sonrasi biyokitle (Y,,) ve Urin (Y,;)
Katsayisi. 375 g hiicre/g glukoz ve 99,3 PU/g glukoz, biytime orani (0,215 h™') olarak hesaplanmistir. Daha sonra biyokiitle ve Griin
miktarinda devam eden bir azalma gézlenmistir. Sonuglara gére B. licheniformis N-2 susu ile enzim Uretimi tamamen buyime ile ilgili
ve enzimin en 6nemli miktar1 eksponensiyel faz sonrasi salgilanir.

Anahtar Sézciikler: islem parametreleri, bilyiime kinetigi, alkalin proteaz, Bacillus licheniformis N-2

Introduction

Enzymes are extremely efficient and environmentally
friendly protein catalysts synthesized by living systems.
They have significant advantages over chemical catalysts,
of which the most important are substrate specificity,
high catalytic activity, and the ability to work in moderate

environmental conditions (1). The current demand for
better utilization of renewable resources and pressure on
various industries to operate within environmentally
compatible limits have stimulated development of new
enzyme-based industrial processes. Alkaline proteases are
extensively used in detergents, leather processing, feeds,
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and the chemical industry, as well as in waste treatment
(2). Global proteolytic enzyme demand for 2005 was
expected to increase dramatically from 1.0 to 1.2 billions
dollars because of wide-ranging applications in different
industries (3). Proteases, most of which are alkaline
proteases, constitute 60%-65% of the global industrial
enzyme market (4).

Generally, proteases produced from microorganisms
are constitutive or partially inducible in nature, and their
production is mostly under the influence of culture
conditions (5). Bacillus species are major producers of
proteolytic enzymes, which are produced during post-
exponential and stationary phases of growth. Extra-
cellular protease production from Bacillus species is
significantly influenced by medium composition and some
physical factors, such as fermentation period, aeration,
inoculum density, pH, and incubation temperature of
growth medium (6-8). Cost of the enzyme is one of the
main factors determining the economy of the process.
Reducing the cost of enzyme production by optimization
of the fermentation medium and process parameters is
the major goal of basic research for industrial applications
(9). In fact, the optimization of different process
parameters and the quantity of medium ingredients are
basic tools for making enzyme production economically
feasible.

The aim of the present study was to investigate the
effects of various fermentation parameters, such as
growth medium pH, incubation temperature, and age and
size of inoculum, on the yield of protease production by
B. licheniformis N-2. Kinetic parameters were also
evaluated to determine if the bacterial enzyme production
was growth associated.

Materials and Methods
Microorganism

A strain of Bacillus licheniformis N-2 isolated from
decaying organic soil was used for the production of
alkaline protease (10). B. licheniformis N-2 was cultivated
on nutrient agar slants by incubating at 37 °C for 24 h.
The culture was then preserved at 4 °C and transferred
to new slants every 30 days in order to keep them viable.
The nutrient agar medium was composed of (g/l): Lab-
Lemco powder, 1; yeast extract, 2; peptone, 5; sodium
chloride, 5; agar, 15. The nutrient agar was adjusted to
pH 10 with 1 N HCI/NaOH before sterilization at 121 °C
for 15 min.
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Preparation of Inoculum

Inoculum was prepared by transferring a loopful of
24-h-old B. licheniformis N-2 culture into 50 ml of
inoculum medium of the following composition (g/l):
glucose, 5; soybean meal, 10; K,HPO,, 5; MgSO,.7H,0,
0.5; NaCl, 0.5; CaCl,.2H,0, 0.5. The inoculated broth
was incubated in a water bath shaker (Eyela, Japan) for
24 h at 37 °C for the propagation of bacteria of up to
10%% cells/ml. Then 1% (v/v) of this inoculum medium
was used for the production of alkaline protease in the
subsequent experiments.

Cultivation of Growth Medium

The initial medium used for alkaline protease
production was composed of (g/l): glucose, 10; soybean
meal, 10; K,HPO,, 5; MgSO,.7H,0, 0.5; NaCl, 0.5;
CaCl,.2H,0, 0.5. The medium was adjusted to pH 10
with 1 N HCI/1 N NaOH before sterilization at 121 °C for
15 min. The growth medium was inoculated with 24-h-
old culture broth (1% (v/v) of inoculum).

Optimization of Process Parameters

Optimization of the process parameters was
conducted in order to evaluate the effect of each
individual parameter separately and to incorporate it as a
standard level before optimizing the next parameters.

Effect of Incubation Period

The effect of incubation period was studied by
incubating the growth medium for 12, 24, 36, 48, 60,
and 72 h. Enzyme activity was measured after each
interval to determine the most suitable incubation period
for maximum protease production by B. licheniformis N-
2.

Effect of Initial pH

Optimum pH for the production of alkaline protease
was determined by adjusting the initial pH of the growth
medium to different levels (7.0, 7.5, 8.0, 8.5, 9.0, 9.5,
10, 10.5, and 11). The pH of each growth medium was
adjusted with 1 N HCI/NaOH before sterilization at 121
°C for 15 min.

Effect of Cultivation Temperature

The effect of inoculation temperature on enzyme
production was studied by incubating the growth medium
at growth temperatures ranging from 25 to 50 °C.
Enzyme activity and cell biomass were determined at each
temperature.



Effect of Agitation Speed

Different agitation speeds (60, 80, 100, 120, 140,
and 160 rpm) at pre-optimized conditions were studied
to determine the best agitation speed for maximum yield
of protease and growth of B. licheniformis N-2.

Effect of Age and Size of Inoculum

The effect of inocula age (6, 12, 18, 24, 30, 36, 42,
and 48 h) and size (0.5%-7.0%) were evaluated for
maximum proteolytic enzyme yield. Inoculum density was
kept in the range of 10%'° cells/ml for this purpose.

Determination of Kinetic Parameters

Different kinetic parameters for biomass and product
yield were determined according to the methods
described by Pirt (11), and Okpokwasili and Nweke (12).
All these Kinetic parameters were studied in optimized
culture conditions in the batch fermentation process.
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Analytical Procedures
Total Protein Content

Total protein content of the samples was determined
by the method of Lowery, using bovine serum albumin
(BSA) as the reference standard (13).

Total Glucose Estimation

Total glucose content was determined according to
the phenol-sulfuric acid method described by Dubois et al.
(14).

Total Biomass Determination

Biomass content was determined by measuring the
dry weight of a known quantity of sample. The sample
was then centrifuged at 90,000 g (Eppendorf 5804 R)
for 10 min at 4.0 °C and washed with normal saline
several times to remove the suspended soybean particles.
The washed sample was dried at 105 °C to obtain
constant weight.

Table. Kinetic parameters of growth and protease production for batch fermentation by B. licheniformis N-2 at optimized culture conditions in the
production of medium at initial pH 10, temperature 37 °C, and agitation speed of 140 rpm in shake flask cultures.

Kinetic Analysis Parameters

Cultivation

time g Yy q, Yp,S Yp/X dy

(h) (h™" (g of cells/g) (/g of cells per h) (Ur/g, 10%) (U/g, 10%) (U/g per h, 10°)
0 (o 0' 0° 0" 0° o]

4 0.054 + 0.002 0.095 + 0.003° 0.005 + 0.001° 0" 0° o]

8 0.308 + 0.006° 0.166 + 0.006" 0.051 + 0.006" 40.44 + 1.40° 242.43 + 5.80° 74.67 + 3.30°
12 0.301 + 0.010° 0.267 + 0.001° 0.080 + 0.003° 48.69 + 1.60" 181.79 + 4.20° 54.72 + 2.10°
16 0.246 + 0.004° 0.288 + 0.006° 0.071 + 0.001° 50.65 + 2.00" 175.76 + 6.10" 43.24 + 1.40°
20 0.215 + 0.003° 0.383 + 0.012° 0.082 + 0.011° 69.22 + 1.70° 180.545.70" 38.82 + 1.02°
24 0.178 + 0.004° 0.375 + 0.013° 0.067 + 0.006" 99.3 + 2.30° 264.28 + 4.20° 47.04 + 0.89°
28 0.154 + 0.005° 0.374 + 0.009° 0.058 + 0.002° 98.23 + 1.80° 262.65 + 3.40° 40.45 + 1.01°
32 0.135 = 0.003' 0.373 + 0.010° 0.050 + 0.001¢ 97.09 + 2.10° 260.312.80 35.14 + 0.88"
36 0.119 + 0.009° 0.371 + 0.002° 0.044 + 0.001* 93.67 +1.20° 252.48 + 6.20% 30.05 + 1.02°
40 0.107 + 0.006" 0.368 + 0.008° 0.039 + 0.002 88.22 + 1.10° 239.73 + 2.80* 25.650.68"
44 0.097 + 0.009 0.366 + 0.020° 0.035 + 0.001" 86.6 + 1.60 236.62 + 3.10° 22.95 + 0.71'
48 0.089 + 0.003' 0.362 + 0.013" 0.032 + 0.001" 84.15 + 2.10° 232.47 + 4.80° 20.69 + 1.20'

Each value in each column is an average of 3 parallel replicates (+ indicates SD among the replicates). Values followed by different letters differ
significantly from each other at P < 0.05, based on CoStat software.
Abbreviations:

p (h™): Specific growth rate.
Yo g of cell biomass/g of glucose consumed.

q,: g of glucose consumed/g of cell biomass per h.
Enzyme produced/g of cells formed.
Enzyme produced/g of glucose consumed.

Yp,x:
Y,

p/s:

Qp! Enzyme produced/g of cells per h.
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Determination of Proteolytic Activity

Alkaline protease activity was determined using casein
as a substrate at a concentration of 1.0% in 0.05 M
glycine-NaOH buffer at pH 11.0 (15). The substrate was
treated with a known quantity of the enzyme for 15 min
at 60 °C. One proteolytic unit (PU) was defined as the
quantity of enzyme that released 1 pg of tyrosine/ml per
min under the assay conditions.

Statistical Analysis

All the experiments were carried out independently (in
triplicate) in 250-ml Erlenmeyer flasks. The data
represented here are in the form of mean =+ SD.
Significance is presented as Duncan’s multiple range test
results in the form of probability (P < 0.05) values, which
were obtained using CoStat software.

Results and Discussion

The most significant outcome of the present study
was optimization of the fermentation process parameters
and Kinetic studies for alkaline protease production by B.
licheniformis N-2. 1t is well known that the proper
optimization of process parameters plays an important
role in improving enzyme yield, making enzyme
production cost effective and economically feasible.

Effect of Incubation Period

In order to determine the optimum incubation time for
maximum enzyme production, 50 ml of the growth
medium was inoculated with 1% (v/v) of 24-h-old B.
licheniformis N-2 culture. The inoculated flasks were
treated for different time intervals at 37 °C and 140 rpm.
Optimum enzyme production was obtained after 24 h of
incubation (Figure 1). Thereafter, a rapid decline in
enzyme activity was observed, which may have been due to
insufficient availability of some nutrients in the growth
medium. The cost of enzyme production depends mostly
upon the operating cost; therefore, a shorter fermentation
period would increase profitability on an industrial scale,
compared to the added yield obtained with long incubation
periods. To determine which method to employ, one has to
estimate the cost and consider extending the fermentation
period; therefore, increasing the operational cost of any
fermentation process would be compensated for by the
extra yield of the required product. Maximum enzyme
production was observed after 96 h with alkalophilic
Bacillus sp. isolated from natural habitats (7). A broad
incubation period ranging from 48 to 70 h for maximum
protease enzyme yield by Bacillus strains has been
previously reported (8,16). The main advantage of enzyme
production by B. licheniformis N-2. is a shorter incubation
period, which will decrease operational cost, as well as
autolysis of the enzyme created by protease itself during
the fermentation process.

10501 —o— Enzyme activity (PU/ml) T45
—o— Cell biomass (/!

9001 (D) 14
£ 7501 1355
2 6001 T3 g
= S
8 2
o 4507 1253
g
£ 3001 T2

1501 T15

0 1

0 12 24 6

48 60 72 84

Inubation period (h)

Figure 1. Effect of incubation period on growth and production of alkaline protease by B.
licheniformis N-2 at an initial pH of 10, 37 °C, and agitation speed of 140 rpm in shake

flask cultures.
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Effect of Media pH

The effect of initial pH was investigated in order to
determine the most suitable pH for the growth of B.
licheniformis N-2 and alkaline protease production
(Figure 2). The highest alkaline protease yield (875.44
PU/ml) was recorded at an initial growth medium pH of
10. These findings indicate that B. licheniformis N-2 is
sensitive to change in pH because change in growth
medium pH affects protease growth and production. It
has been noted that the most important characteristic of
microorganisms is their strong dependence on
extracellular pH for cell growth and enzyme production
(2); therefore, it is concluded from the present

1000,
900+
800+
700
600+
500+
400+
300+
200 T T T T

Protease activity (PU/ml)

—O—Enzyme activity (PU/ml)
—o—_Cell biomass (g/l) T
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experimental results that adjustment of initial growth
medium pH is necessary for maximum alkaline protease
yield by B. licheniformis N-2. Maximum alkaline protease
production has been reported in different pH ranges (7-
10) for different Bacillus spp. (7,17). pH requirements
vary from species to species and even in different stains
of the same species isolated from different habitats.

Effect of Incubation Temperature

Temperature is one of the most critical parameters to
be controlled in any bioprocess (18). The effect of
temperature on alkaline protease production revealed
that maximum yield was obtained at 37 °C (Figure 3). A

T45
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T T : T
NN W W
Ul Ul

Cell biomass (g/l)

|
T
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65 7 85
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T T T T 1
95 10 105 11 115

Initial pH

Figure 2. Effect of initial pH on the growth and alkaline protease production by B. licheniformis
N-2 at an agitation speed of 140 rpm and 37 °C after 24 h of incubation in shake flask

cultures.
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Figure 3. Effect of temperature on growth and alkaline protease production by B. licheniformis
N-2, at initial pH 10 and agitation speed of 140 rpm after 24 h of incubation in shake

flask cultures.
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decrease in enzyme yield was observed with further
increases in temperature; thusly, production of alkaline
protease by B. licheniformis N-2 was determined to be
growth-related, which is a common phenomenon in many
fermentation processes. The temperature-associated
decreases in yield may have been due to the fact that
denaturation or degradation of the proteolytic enzyme by
autolysis in response to elevated temperatures caused
alkaline protease activity to decrease. It was also reported
that most alkaline Bacillus strains are mesophile-types, with
optimal temperatures ranging from 30 to 37 °C (6,19).

Effect of Agitation

The effect of different agitation speeds on the
protease production and growth profile of B.
licheniformis N-Z2 was observed by incubating the
fermentation medium at pre-optimized conditions (Figure
4). The lowest alkaline protease activity (317.16 PU/ml)
and cell growth (dry cell weight: 2.11 g/l) were observed
at 40 rpm, suggesting the limitation of oxygenation as
well as impaired homogenization of the medium
components; however, alkaline protease production and
growth of B. licheniformis N-2 increased as agitation
speed increased. Based on the results, 140 rpm was
determined to be the optimum agitation speed for
maximum yield (879.31 PU/ml) and thereafter declines in
protease activity and cell growth were observed at 160
rpm. It can therefore be suggested that sheer stress
caused the disruption of the cells. All these findings
indicate that oxygenation and uniform mixing of the
medium ingredients impaired growth as well as

9751
8501
7257
6001
4757
3501

Protease activity (PU/ml)

2257

100

—— Enzyme activity (PU/ml)
—o— Cell biomass (g/l)

production of alkaline protease. Earlier investigations
reported that 180 and 220 rpm are the most suitable
agitation speeds for enzyme production by most Bacillus
strains (20,21). Maximum protease activity was observed
from alkalophilic Bacillus species at 100 rpm by Genekal
and Tari (7). These slight variations might be due to
differences in medium composition or culture conditions,
which significantly affect growth and alkaline protease
production of B. licheniformis N-2.

Effect of Age and Size of Inoculum

B. licheniformis N-2 inocula of different ages were
used to inoculate the growth medium. Results indicated
that 24-h-old B. licheniformis N-2 inoculum was the most
suitable for protease biosynthesis during the fermentation
process (Figure 5). Maximum enzyme production was
observed with 2.0% inoculum size and further increases
resulted in decreases in alkaline protease production
(Figure ©6). With higher inoculum concentrations the
nutrient might have been consumed rapidly and overall
resulted in less growth and alkaline protease production.
These findings are in good agreement with the study by
Kanekar et al. (22), who reported maximum enzyme
activity (167.28 U/ml) with 2.0% inoculum size and 24-
h-old Bacillus alcalophilus culture. Optimum protease
activity (107 PU/ml) with 10% inoculum size and 24-h-
old by B. subtilis PCSIR-5 was reported by Nadeem et al.
(8). All these findings indicate that age and inoculum
concentration have profound effects on cell growth and
protease production, depending upon the characteristics
of the strains.

N
O
Cell biomass (g/l)

20 40 60 80

120 140 160 18

Agitation (rpm)

Figure 4. Effect of agitation speed on growth and production of alkaline protease by B.
licheniformis N-2 at an initial pH of 10 and 37 °C after 24 h of incubation in shake

flask cultures.
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Figure 5. Effect of inoculum age on the growth and alkaline protease production by B.
licheniformis N-2 at an initial pH of 10, agitation speed of 140 rpm, and 37 °C after
24 h of incubation in shake flask cultures.
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Figure 6. Effect of inoculum size on the growth and alkaline protease production by B.
licheniformis N-2 at an initial pH of 10, agitation speed of 140 rpm, and 37 °C after
24 h of incubation in shake flask cultures.

Growth Kinetics Studies of B. licheniformis N-2 at
Optimum Conditions

Results of batch alkaline protease fermentation by B.
licheniformis N-2 on glucose, as a limited carbon source, in
shake flask experiments are shown in Figure 7. Cell growth
was limited during the first 4 h following inoculation and
cell biomass increased from 0.05 g/l to 0.062 g/l, while
substrate concentration decreased from 10 g/l to 9.35 g/l.
This behavior is common in most fermentation processes in
which a lag phase is required for adaptation to the new
environment. The lag phase was followed by a log phase in
which the substrate utilized decreased from 9.35 g/l to
0.02 g/1, while cell growth increased from 0.062 g/l to

3.75 g/l. The synthesis and secretion of alkaline protease
were initiated during the exponential phase, with the
maximum increase (991.04 PU/ml) at the end of the
growth phase after 24 h of incubation. Subsequently, a
stationary phase of almost constant biomass was observed
over a period of 8 h; however, a retrogressive decrease in
enzyme production was indicated after the exponential
phase, which continued until the death phase. All these
findings demonstrate that alkaline protease production by
B. licheniformis N-2 was entirely growth-associated, and
they also indicate that B. licheniformis N-2 is a fast-
growing bacterium with a tremendous ability for
adaptation to the fermentation medium.
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Figure 7. Kinetics studies of alkaline protease production by B. licheniformis N-2 at an initial pH
of 10, agitation speed of 140 rpm, and 37 °C, in batch fermentation.

Biomass and product yield factors were estimated
during the batch fermentation process (Table).
Maximum Y, and Y, were 99.3 PU/g of glucose and
264.28 PU/g of cell biomass, respectively, after 24 h of
incubation. These results indicate that enzyme
production followed the growth of B. licheniformis N-2,
suggesting that alkaline protease was produced as a
primary metabolite; however, the maximum cell growth
rate (0.308 h') was observed 8 h after inoculation,
which demonstrated that B. licheniformis N-2 grew
faster during the initial stage of the exponential phase.
A maximum growth rate (0.17 h™) by Bacillus sp.
EL31410 after 6 h in optimized medium in batch
fermentation was reported by He et al. (23). The
biomass (0.023 g of cells/g of glucose) and product yield
(0.021 U/g of glucose) for Bacillus L21 with a specific
growth rate (0.7 h’1) at optimized conditions was
reported (7). These slight differences in growth rate
and Kinetic parameters between the previous reports
and our findings might be due to differences in
cultivation conditions as well as Bacillus species.

Conclusion

The results obtained in this study indicate that
optimization of culture conditions played a central role in
improving yield through the fermentation process.
Maximum protease activity (991.04 PU/ml) was obtained
after optimization of the fermentation process. It is well
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known from Kinetics studies that protease production is
entirely growth-associated and there is a well-established
balance between growth and product coefficients, which
strongly indicate that B. licheniformis N-2 can be
economically used for commercial alkaline protease
production. The glucose utilization profiles show that
glucose was completely utilized within 24 h of incubation,
suggesting that further supplementation of growth
ingredients through fed-batch fermentation under control
conditions may improve the yield of alkaline protease by
B. licheniformis N-2.
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