Research Article

Hittite Journal of Science and Engineering, 2023,10 (2) 135-144
ISSN NUMBER: 2148-4171

DOI: 10.17350/HJSE19030000300

Production, Optimization and Partial Characterization
of Alkaline Protease from Bacillus subtilis spp. subtilis

NRRL B-3384 and B-3387
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ABSTRACT

acillus subtilis has been a reliable platform for the expression of extracellular proteases

for several decades. Although a majority of Bacillus subtilis subspecies express pro-
teases, the amount of secreted enzyme varies depending on the strain and environmental
conditions used. Here, two Bacillus subtilis spp. subtilis strains, NRRL B-3384 and NRRL
B-3387, from the ARS Culture collection (NRRL), were compared for secreted protease
activity. The highest activity was found in strain NRRL B-3384, and proteolysis occurred
at temperatures as high as 80°C and across a broad range of pH, with maximum activity
at pH 9.0 and 60°C indicating the presence of a thermostable alkaline protease. To our
knowledge, this is the first study to evaluate protease production in Bacillus subtilis spp.
subtilis strains NRRL B-3384 and B3387 and suggests that NRRL B-3384 may have util-
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ity in the production of enzymes for industrial use.
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INTRODUCTION

Commercial enzymes facilitate efficient use of
raw materials, reduce the need for toxic chemi-
cals and minimize waste in a wide variety of industri-
al processes (1, 2). Proteases (EC 3.4.21), in particular,
are in widespread use (3, 4) with numerous applica-
tions in the food, detergent, pharmaceutical, leather,
textile and agricultural industries (5). These enzymes
catalyze the hydrolysis of the peptide bonds in prote-
ins and polypeptides (6) and are classified based on
the position of the peptide bond they cleave and the
pH range at which they are most active (7, 8).

By and large, the production of proteases relies on
microbial fermentation. Bacterial and fungal systems
are simple and inexpensive to grow, and their enzymes
often outperform those in animal and plant systems.
The genus, Bacillus, a group of Gram-positive, rod-
shaped, spore-forming bacteria, is perhaps the most
commonly used organism for protease production (3,
9). Indeed, at least ten species of Bacillus, including B.
subtilis (10), B, luteus (11), B. clausii (12), B. pumilus (13,
14), B, mojavensis (15), B. infantis (16), B. koreensis (17),
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B. sphaericus (18), B. firmus (19) and B. licheniformis
(20, 21) have been harnessed for this purpose.

From the standpoint of production, Bacillus spp.
are adapted to a wide range of growth conditions (22),
and are generally inexpensive to grow, safe to handle,
and easy to manipulate at the genetic level. Numerous
studies have been done to enhance production via strain
selection (23), methods of cultivation (2), media compo-
sition (11), and reaction conditions (24). Furthermore,
some of the proteases identified in this genus have been
found to have remarkable properties such as high sta-
bility in extreme conditions, biodegradability and high
yield (9).

With the idea that large publicly accessible culture
collections could be mined for useful isolates, this study
aims to examine previously unstudied Bacillus subspe-
cies or strains for robust expression of proteolytic enz-
ymes with novel properties. Partial characterization of
protease activity from two such strains from the ARS
Culture Collection, Bacillus subtilis spp. subtilis NRRL
B-3384 and B-3387, is described here.
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MATERIAL AND METHODS

Bacterial strains

Bacillus subtilis spp. subtilis strains (NRRL B-3384 and
NRRL B-3387) were obtained from ARS Culture Collec-
tion (NRRL) repository in Peoria, IL.

Screening for protease production

Overnight liquid bacterial cultures were diluted 1:100
in 5 ml of TGY (Tryptone-Glucose-Yeast Extract) media
(tryptone 0.5%, yeast extract 0.5%, K2HPO4 0.1%, glucose
0.1%, pH 7.0) in a sterile 50 ml culture tube and grown
for six hours at 30°C with orbital shaking at 180 rpm to
obtain logarithmic growth phase cultures. One pl of log-
phase liquid culture was then inoculated directly onto
the middle of a selective media plate (peptone 0.5%, yeast
extract 0.5%, KoHPOa 0.1%, glucose 0.1%, agar 1.5%) at
two different pH levels (pH=6, pH=8) containing either
casein, skim milk powder or gelatin from bovine skin (1%)
as a protein substrate for proteolytic activity. After liqu-
id was adsorbed onto the agar, plates were incubated at
three different temperatures (24°C, 30°C, 37°C) for 24 h.
The release of protease enzyme was determined by pre-
sence of a clear zone around individual colonies on the
selective media. Ratios of clear zone to colony diameter
were used as a semi-quantitative measurement of prote-
ase production.

Effect of culture media pH on bacterial growth
and protease production

Cell growth and protease production of the strain NRRL
B-3384 were studied at four pH levels (5, 6, 7 and 8). The
inoculum was prepared by growing the bacterial culture
in TGY media. Optimum pH was determined by gro-
wing cultures in 250 ml baffled flasks containing 50 ml
buffered media (0.5% tryptone, 0.5% yeast extract, 0.1%
K>HPO4, 0.1% glucose, 1% milk powder, pH 5-8) at 30°C
for 70 hours in a shaker incubator (200 rpm). Optical den-
sity at 600 nm (OD600) was used for determining growth
and the protease activity was measured as per assay pro-
cedure.

Effect of temperature, protein source, and
incubation time on growth and protease activity

To analyze effects of large protein sources, liquid cultu-
res were prepared in baffled flasks containing media with
1% (w/v) of selected protein. Skim milk powder, casein,
and gelatin were compared as protein sources in cultures
grown at either 20°C or 30°C for 54 h at 200 rpm agitation.
In the first 24 h, samples were taken at 3 h intervals to

measure growth and protease activity. Subsequent samp-
les were taken at different time intervals ranging from 2
hto 18 h.

Fed-batch production in lab scale bioreactor

Fed-batch fermentation was conducted in a 2.5 L stirred
tank bioreactor (MiniBio 2500, Applikon Biotechnology,
Delft, Netherlands) at 800 ml working volume with tem-
perature and pH control. An inoculum was prepared
by transferring 10 ul of frozen stock of Bacillus subtilis
strain NRRL B-3384 into 100 ml of optimized medium
(0.5% tryptone, 0.5% yeast extract, 0.1% K:HPOs, 0.1%
glucose, 1% milk powder) in a 500 ml baffled flask and
incubating at 30°C with orbital shaking at 200 rpm for 16
h. The inoculum was added to the bioreactor containing
sterilized optimized medium at a ratio of 1:7. Fermenta-
tion was carried out for 48 h at 30°C. Dissolved oxygen
was maintained at 30% via a cascaded control of agita-
tion rate (from 300 rpm to 1000 rpm) depending on O,
demand. The aeration rate was maintained at 0.25 vvm.
The pH was set to 8 and controlled with addition of 1 M
HCI solution. Foam was controlled by manual addition
of antifoam (Antifoam Y-30 Emulsion, Sigma-Aldrich) at
0.5 ml/L. For fed-batch cultivation, 100 ml 8% milk pow-
der solution was added at 12 and 36 hours of cultivation.
Production broth was periodically sampled for analysis
of cell growth and protease activity. Experiments were
performed in duplicate and mean values are presented.
At the end of production, whole fermentation broth was
centrifuged at 3000 x g for 30 min and the supernatant
was stored at 4°C for further analysis, modified from Co-
ban (25).

Protease activity measurement and optimization

Protease activity was determined using the protocol pre-
viously described by Coban (25) and Vaithanomsat et
al. (26) with some modifications. Culture medium was
centrifuged at 3000 x g for 10 min. Reaction mixture
containing 0.5 ml of casein solution (0.6% (w/v) casein in
50 mM phosphate buffer (pH=8)) and 0.1 ml of culture
supernatant was incubated at 35°C. Different incubation
times (t=5, t=10, t=15, t=20, t=30, t=40 min) were tested
to find optimum incubation time. The reaction was stop-
ped by adding 0.5 ml 0.44 M trichloroacetic acid solution,
incubated for 10 minutes at room temperature, and then
centrifuged at 3000 x g for 10 minutes.

A 0.25 ml aliquot from the resulting supernatant was
mixed with 1.25 ml Na.COs (0.5 M) and 0.25 ml Folin phe-
nol Ciocalteau reagent (1 N) followed by incubation for 20
minutes at 40°C. The absorbance of the mixture was mea-
sured at 680 nm against distilled water as the blank. Respec-
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tive sterile media was used in place of culture supernatant
as a negative control. Absorbances obtained from negative
controls were subtracted from absorbances obtained from
test samples to calculate protease activities. A tyrosine stan-
dard curve was obtained using tyrosine solutions ranging
from 0 to 100 mg/L. Solutions were mixed with carbonate
buffer and Folin phenol Ciocalteau reagent and incubated
and measured as described above. One unit of protease ac-
tivity was defined as the amount of enzyme which liberated
1 pg of tyrosine per minute at 35°C. The equation below was
used for the calculation of protease activity of the samples
in U/ml;

Protease activity (U/ml)
(AA,,
Slope of standart line x Duration of reaction (min) x Enzyme volume (ml)

©

) x Reaction volume (ml) x Dilution factor

and A

negative control

where A are absorbances of pro-

sample
tease assay mixtures of samples taken from various expe-
rimental conditions and their corresponding sterile media,

respectively.

Effect of temperature, pH, and divalent cations on
protease activity

To determine the effect of temperature on enzyme acti-
vity, protease reactions were carried out at temperatures
ranging from 10°C to 90°C. The effect of pH on enzyme
activity was determined by using buffers at pH levels
from 5 to 10.6 (acetate buffer for pH 5, phosphate buf-
fer for pH 6, 7 and 8, carbonate buffer for pH 9, 10 and
10.6). Changes in protease activity were also analyzed
following the addition of various metals (MgSOa, MnCls,
CaCls, ZnSOs4, CuSOs, EDTA) to the reaction mixture to
a final concentration of 20 mM. Standard assay condi-
tions were implemented as described above, except that
the reaction time was increased to 10 min.

Statistical analysis

Significance of difference in bacterial growth and pro-
tease activity among different experimental setups were
analyzed by one way ANOVA (Analysis of Variance) and
Tukey HSD (honestly significant difference) tests.

RESULTS

Comparison of protease activity by different
strains using selective plate methods

Relative protease activities in Bacillus subtilis spp. sub-
tilis strains NRRL B-3384 and NRRL B-3387 were de-
termined at either pH 6 or pH 8 using semi-quantitative
agar plate assays in which the ratios of clear zone:colony
diameter were measured on different protein substrates,

casein, milk powder or gelatin (Figure 1).

Gelatin

Milk powder

Casein

Figure 1. Clear zone surrounding colonies of NRRL B-334 and NRRL
B-337 showing protease activity on milk powder, casein and gelatin con-
taining agar plates (24 h incubation, pH 8.0). and pH 6.0

As shown in Table 1, of the two strains examined,
NRRL B-3384 showed the highest activity on all three subs-
trates and at both levels of pH. Overall, the highest ratio of
clear zone to colony diameter (2.01:1) was obtained at pH
8.0 with gelatin as a protein source. When incubated at 20°C,
a higher ratio was seen using milk powder as the substra-
te, although at the same temperature, discernible zones of
clearance were not visible with either gelatin or casein (data
not shown). At higher temperature (37°C), plates were diffi-
cult to read due to the overgrowth of colonies into zones of
clearance (not shown). Based on these findings, the NRRL
B-3384 strain was selected for further optimization experi-
ments in this study based on clear zone to colony size ratios.

Table 1. Colony and clear zone diameters obtained from selective plate
experiments using different protein sources at two pH levels and incu-
bated at 30°C.

i Protein R: Clear zone r: Colony Ratio:
Strain pH ) .
source diameter (mm) diameter (mm) R/r
Milk 6 118 8.5 138
powder g 15.4 10.9 141
B-NRRL 6 145 8.8 1.64
Casein
3384 8 17.2 10.8 1.59
6 14.8 8.8 1.67
Gelatin
8 19.6 9.8 2.01
Milk 6 396 39.0 1.01
powder g 77 14.2 125
B-NRRL 6 246 24.2 1.02
Casein
3387 8 17.2 17.1 1.01
6 0.0 22.8 0.00
Gelatin
8 20.2 18.6 1.08

Effect of pH on the growth and protease activity
To investigate the effect of initial pH on the production of

protease, bacteria were grown at four different pH levels
for 70 h. Milk powder was used as protein source based
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on the results from agar plates. Maximum cell growth
was observed at pH 6 while highest protease activity was
obtained at pH 8 (Figure 2a and 2b).

Since the highest protease activity was at pH 8 in this
study, subsequent submerged culture experiments were all

conducted at this pH.

a)

0OD600
s

#-pH=5 -#-pH=6 -+pH=7 —<pH=8

20 30 40 50 60 70
Culture incubation time (h)

o N b~ O ®

Figure 2. Effect of pH on the culture growth (a) and protease activity (b).

Effect of temperature, various protein sources,
and incubation time on the growth and protease
activity

A series of experiments was performed to study the ef-
fect of different temperatures and protein sources on the
protease activity. Similar clear zone areas were obtained
at the 20°C and 30°C incubation temperature on the agar
plates in the present study, production of protease was
also carried out at 20°C in the submerged culture to in-
vestigate the effect of low temperature on production
of protease. In 250 ml baffled flask cultures, optimum
temperature was 30°C for both protease activity and cell
growth with all protein sources used (Figure 3). The ma-
ximum recorded protease activity by the strain NRRL
B-3384 was 96.42 U/mL when incubated at 30°C and ca-

~0-Milk powder 30°C -&-Gelatin 30°C

Milk powder 20°C

+J-Casein 30°C

-=-Casein 20°C -O-Gelatin 20°C

OD600

0 10 20 30 40 50
Incubation time (h)

sein was used as a protein source. When it was incubated
at 20°C with same protein source, maximum protease
activity was 84.18 U/ml.

Among various protein sources used for protease pro-
duction, maximum protease activity (96.42 U/mL) was achi-
eved with casein supplement at 30°C followed by milk pow-

b)

3BT

. /
—

Protease activity (U/ml)

54 -0-pH=5 #-pH=6 -+-pH=7 —-pH=8

0 + + + + +
20 30 40 50 60 70

Culture incubation time (h)

der (68.8 U/ml) at 30°C. Casein and milk powder showed
higher protease activity (84.2 U/ml and 63.6 U/ml, respecti-
vely) compared to gelatin when the incubation was carried
out at 20°C. Furthermore, in the case of gelatin, no signifi-
cant differences were seen in protease activity at 20°C versus
30°C (23.2 U/ml and 22.3 U/ml, respectively).

Incubation duration for culture growth and protease
activity by strain NRRL B-3384 is shown in Figure 3. Diffe-
rent protein sources and incubation temperatures resulted
in different culture growth and protease activity profiles
(Figure 3a and 3b). Formation of protease started at early
logarithmic phase and reached its near maximum in 12 h
(90.8 U/ml) with casein at 30°C after which it slowed down
and was stable until mid-stationary phase at 30 h.

-4-Gelatin 30°C
-O-Gelatin 20°C

~0-Milk powder 30°C  -Casein 30°C
Milk powder 20°C ~ -%-Casein 20°C

80

Activity (U/ml)

40

20

Incubation time (h)

Figure 3. Effect of temperature and different protein sources on culture growth (a) and protease activity (b).
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One way ANOVA done using protease activity levels
from t= 21 h to 30 h shown in Figure 3b revealed the dif-
ference was significant (a<0.05). Pairwise comparisons of
experimental sets by Tukey HSD showed experimental sets
with milk powder and casein had significantly different pro-
tease activity levels compared to sets with gelatin.

Protease production in lab scale bioreactor

In this study, it is aimed to evaluate strain NRRL B-3384
from this perspective by conducting a preliminary pro-
duction in a 2.5 L bioreactor with an 800 ml working vo-
lume. Maximum OD of 13 in the bioreactor was reached
13 hours after inoculation (Figure 4). Maximum protease
activity was 72.3 U/ml at 48" hour.

80 1 - 16

P

~
o

= 60 12
£
2
> 50 + 10
s S
% 40 8 8
o O
&30+ 6
Q
£ 20 + 4
a B -m-Protease activity
-e-0D600
10 + 2
0 + ' ; ' 0
0 10 20 30 40 50

Incubation time (h)

Figure 4. Effect of incubation time on the growth and protease produc-
tion of the strain NRRL B-3384 in bioreactor scale production.

Effect of protease assay duration on protease
activity measurement

To optimize the incubation time with substrate mixture
(0.6% (w/v) casein in 50 mM phosphate buffer (pH=8)),
protease and substrate were incubated for different time
periods (5-40 min) at 35°C. The optimum enzyme acti-
vity was obtained at 5 min of incubation time as indicated
in Figure 5.

120

00

Protease activity (U/ml)
o ®
3 8

5
&

0 5 10 15 20 25 30 35 40 45
Time of reaction (min)

Figure 5. Protease activity vs time of protease reaction.

Effect of temperature, pH, and divalent cations on
protease activity

Protease activity was analyzed at different temperatures
ranging from 10°C to 90°C at pH of 8. In this study, maxi-
mum protease activity was found to be 60°C and activity
decreased at higher temperatures (Figure 6a). However,
approximately 75% of proteolytic activity retained at
80°C which is valuable for high temperature applications
such as detergent and textile industry.

The crude enzyme also showed a uniform activity ac-
ross a wide range of pH levels (5 to 11) (Figure 6b). While the
optimal pH was found to be 10 it was also at least 90% active
in both slightly acidic and strong alkaline conditions.

In this study, while MgSOs, CaClz2 and ZnSOs did not
significantly affect the activity, CuSOs and EDTA increa-
sed the activity by 2.0 and 2.4-fold, respectively (Figure 6c¢).
MnClz made the highest impact on the enzyme and increa-
sed the activity 7.5-fold.

DISCUSSION

Effect of growth conditions, nutrients, and
culture time on protease expression

In search of the most efficient producers of protease enz-
yme among Bacillus species, comparative experiments
have been carried out using different protein sources.
Clear zone formation around colonies in selective agar
plates have been the main method of choice for determi-
ning protease activity semi-quantitatively. Vaithanomsat
et al. (26) reported a zone diameter of 18 mm from Ba-
cillus licheniformis in casein-agar plate with a clear zone
diameter to colony diameter ratio of 1.8 when they scre-
ened different strains for protease production. Gelatin
plates were also used for screening of protease producers
including halophilic Bacillus sp. isolated from soil (27)
and extremophilic Halobacterium sp. Js1, isolated from
thalassohaline environment (28). For screening of prote-
olytic activity in different Bacillus strains, milk powder
agar media was also used by other researchers (29-32)
and prominent clear zone around the colony was also
reported similar to this study. Different from our study,
Pant et al. (33) used small disks infused with culture su-
pernatants on selective agar plates to semi-quantitatively
determine proteolytic activity at different time points of
bacterial growth. It can be argued that this method is la-
bor intensive and can be replaced with protease activity
assay for liquid cultures (26).

Khan et al. (34) reported that optimum pH for cell
growth and protease activity was 7 and 10, respectively
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Protease activity (U/ml)
Protease activity (U/ml)
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Relative activity (%)
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Temperature (°C)

MgSO,  MnCl,  CaCl; Control

Added metal compound

2080,  CusO,  EDTA

Figure 6. Effect of temperature (a), pH (b) and various compounds (c) on protease activity.

when they used Bacillus tequilensis strain MTCC 9585.
Also, Ali et al. (29) showed that Bacillus subtilis strain BLK-
1.5 showed the highest activity at pH 10 whereas the best
growth was observed at pH 9. In accordance with these stu-
dies, our results showed no significant correlation between
cell growth and protease activity.

Physical parameters such as temperature and incuba-
tion time can play an important role for expression of any
enzyme, and they vary depending on the organisms (35). In
the literature, temperatures ranging from 30°C to 65°C have
been reported as optimal for the bacterial cell growth and
production of protease from Bacillus strains (9).

The optimum temperature for protease production was
30°C when Bacillus sp. MIG strain was used (36). Asha et al.
(37) and Ahmed et al. (38) reported that optimum protease
activity was 35°C for a Bacillus cereus strain isolated from
soil. Abusham et al. (24) observed the highest growth and
maximum protease production at 37 °C for Bacillus subtilis
strain Rand. Similarly, Sharmin et al. (39) and Shumi et al.
(40) reported that optimum temperature for cell growth and
protease activity was 37°C for Bacillus amovivorus and for
Bacillus fastidious, respectively. Higher incubation tempe-
ratures such as 47°C (41) and 55°C (42) were also reported
as optimal temperatures for various Bacillus subtilis stra-
ins. The relation between energy metabolism and synthesis
of enzymes has been reported to be controlled by tempe-
rature and oxygen uptake (43). Rahman et al. (35) reported
that temperature effects the secretion of the extracellular
enzyme via altering the cell membrane properties. With
the gradual increase in temperature above 35°C, decrease
in protease activity was reported by Asha and Palaniswamy
(37). Contrary to this study, the optimum temperature for
protease production was found to be 60°C for Bacillus sp.
SMIA-2 (44) and 50°C for Bacillus licheniformis (45).

Although milk powder and casein are both milk based,
it has been reported that different types of milk substrates
could affect bacterial growth and proteolytic activity (46).
Using milk powder instead of pure casein as a protein sour-

ce in the growth media may slightly reduce protease activity,
however, the low cost of milk powder could compensate for

this loss exceedingly. Casein was also reported as the best

protein source compared to other inorganic (ammonium

acetate, sodium nitrate, ammonium chloride, potassium

nitrate) and organic (soybean meal, yeast extract, peptone,
beef extract, meat extract, skim milk powder) protein so-
urces tested (37). They also used increased concentration of
casein (up to 3.5%) in the production media and obtained

protease activity ranging from 128.5 U/mL at 0.25% casein

to 182.5 U/mL at 3.5% casein. In a study by Asha and Pa-
laniswamy, among the protein sources tested, skim milk

powder was the best option as protein source after casein

(37). Sharma et al. (47) also observed higher protease pro-
duction (49.77 U/ml) from bacterial strain AKS-4 when they
used casein as a protein source. In another study, skim milk
was found as the best substrate for the production of the

extracellular protease (48). Different protein sources such as

malt extract, peptone, yeast extract and corn steep liquor

were also used for protease production by Bacillus species.
While corn steep liquor yielded maximum protease activity
for Bacillus sp. strain CR-179 (49), beef extract was the best
substrate for protease production from Bacillus cereus stra-
in 146 (50). It is known that protein source is an important
component for enzyme production and different protein so-
urces can be best for different bacterial strains for effective

protease production (5, 51). Protein source and fermentation

temperature proved to be important factors in protease ac-
tivity which is also indicated by statistical analysis of our re-
sults. Specifically, casein and milk powder are significantly
better inducers of protease secretion compared to gelatin
and higher temperature also aids in higher protease activity
in the final supernatant.

Another important parameter regarding protease
productivity, especially from industrial perspective, is the
fermentation time required for optimal protease activity.
Kebabci et al. (52) reported maximum protease activity by
novel Bacillus cereus at 18 h which occurred in the late stati-
onary phase. Sepahy and Jabalamelikhan (49) observed that
the maximum incubation time for protease activity was 24
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h. In contrast, longer incubation periods such as 48 h (34)
to 72 h (53) have been reported for maximum protease pro-
duction. Although it is reported that synthesis of protease
enzyme in Bacillus species occurred while the culture was
metabolically active between exponential and the stationary
growth phases (54, 55), according to Strauch et al. (56) and
Gupta et al. (8) protease production starts at the beginning
of stationary phase as soon as nutrient starvation occur. It
can be inferred from these studies that optimum incubation
time for protease activity changes depending on the Bacil-
lus strain used.

Suitability of a strain for large scale production is a key
characteristic for industrial applications (57). Production
experiments in benchtop bioreactors is one of the first steps
of assessment in this context. Our preliminary experiments
showed that culture reaches a similar maximum OD in half
the time compared to shake flask experiments. However,
there was not a significant increase in protease activity, and
it took longer fermentation time to achieve the maximum
activity level. Effect of temperature, pH, media composition,
aeration rate and agitation speed on bacterial growth and
protease production have been extensively investigated in
scale up studies (27, 58, 59). Both solid state and submerged
fermentation methods (stirred tank and airlift bioreactors)
were utilized resulting in a range of protease activity at vari-
ous sets of growth conditions and feeding strategies (27, 60).
Although fermentation in a bioreactor generally results in
higher levels of proteolytic activity, elaborate optimization
should be performed for each strain for maximum protease
production. Therefore, to be able to utilize Bacillus subtilis
strain NRRL B-3384 at industrial scale, further experiments
are required.

Protease activity evaluation

According to experiments, increasing the incubation
time with substrate resulted in decline of apparent pro-
tease activity. We attribute these results to substrate be-
ing exhausted in the first few minutes of the proteolysis
reaction and the remaining time in long duration expe-
riments being spent without proteolytic activity due to
absence of substrate. Coban (2016) (25) and Vaithanom-
sat et al. (26) used 20 min incubation time with substrate
while Yang et al. (53) used 10 min incubation time.

Crude enzyme obtained from strain NRRL-B 3384 was
able to retain 75% of its proteolytic activity at temperatures
as high as 80°C. Similar to our results, Bacillus strains HR-
08 and KR-8102 showed optimal activity at 65°C and 50°C,
respectively (61) while strain DR8806 produce serine prote-
ase which was most active at only 45°C (62). Other studies
also reported protease enzymes produced in various Bacil-
lus strains to have different maximum activity temperatu-

res such as 37°C (63), 50°C (64) and 55°C (65).

In terms of reaction pH/alkalinity, most proteases pro-
duced in Bacillus strains exhibit alkaline characteristics (66),
and are also stable at neutral pH levels, however, some stra-
ins produce proteases that show drastic activity loss below
pH 9 (64). Similar to this study, Farhadian et al. (62) found
the enzyme produced by B. subtilis DR8806 was highly acti-
ve across a pH range of 5 to 10.

Studies on the inhibitory and activating effects of vari-
ous divalent cations are essential for better understanding
the characteristics of an enzyme including nature of the
active site and cofactor requirements (67). Different compo-
unds had varying effects (both inhibitory and activating) on
the enzyme (68).

Activating effects of Ca?", Mg*, Zn* and Mn?" on pro-
tease activity has been reported previously (53, 69, 70). A
different effect of a strong protease inhibition by Zn* was
reported by Kalwasiriska et al. (11) when using alkaline and
halophilic protease from Bacillus luteus H11 and proteoly-
tic activity was not much affected by by Ca?* and Mg?**. Dec-
reasing activity in the presence of Mg*, Zn*" and Fe** was
observed by Coban (25). Although EDTA has been mostly
reported as an inhibitor for protease (11, 25, 53), some studi-
es reported that EDTA did not show any significant changes
on the protease activity (30, 44). Similar to our results, an
activating effect by EDTA has been reported by Mothe et
al. (71).

CONCLUSION

In the present study, two Bacillus subtilis spp. subtilis
strains (NRRL B-3384 and NRRL B-3387) from ARS
Culture collection (NRRL) repository were investigated
for their protease production capabilities. Preliminary
screening done on selective agar plates indicated that the
strain NRRL B-3384 was the better candidate for prote-
ase production with the highest clear zone to colony size
ratio on different protein sources. Enzymatic activity was
retained at elevated temperatures and was maximal at
high pH suggesting that one or more secreted proteases
are of alkaline character. Among various protein sources,
casein showed the highest induction of protease activity,
although milk powder proved to be a reasonable alter-
native for industrial manufacturing due to its lower cost.
The thermal stability and presence of enzymatic activity
across a broad range of pH and divalent cations suggest
that protease(s) from the NRRL B-3384 strain could be
useful for various industries such as textile, detergent,
and wastewater treatment. Preliminary experiments
with laboratory-scale bioreactors suggest that, with ad-
ditional optimization, NRRL B-3384 may be suitable for
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large-scale production of proteolytic enzymes.
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