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Abstract
Bacillus bacteria have major utility in large-scale production of industrial enzymes, among which proteases have particular 
importance. B. subtilis B22, an aerobic and chemotrophic strain, was isolated from kimchi and identified by 16S rRNA 
gene sequencing. Extracellular protease production was determined in basic medium, with 1% (w/v) casein as substrate, by 
submerged fermentation at 37 °C under blue, green, red and white light-emitting diodes (LEDs), white fluorescent light and 
darkness. Fermentation under blue LEDs maximized protease production (110.79 ± 1.8 U/mL at 24 h). Various agricultural 
waste products enhanced production and groundnut oil cake yielded the most protease (334 ± 1.8 U/mL at 72 h). Activity 
and stability of the purified protease were optimum at pH 7–10 and 20–60 °C. Activity increased in the presence of Ca2+, 
Mg2+ and Mn2+, while Fe2+, Zn2+, Co2+ and Cu2+ moderated activity, and Ni2+ and Hg2+ inhibited activity. Activity was 
high (98%) in the presence of ethylenediaminetetraacetic acid (EDTA) but inhibited by phenylmethanesulfonyl fluoride 
(PMSF). The protease was unaffected by nonionic surfactants, tolerated an anionic surfactant and oxidizing agents, and was 
compatible with multiple organic solvents. These properties suggest utility of protease produced by B. subtilis B22 under 
blue LEDs for industrial applications.
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Introduction

The enzymes protease, amylase, and lipase, produced by 
Bacillus species, play a vital role in industrial applications 
and are of worldwide commercial importance [1]. Protease 
is of greatest biotechnological interest, with a multitude of 
industrial applications in detergent, food, pharmaceutical, 
leather, textile, paper industries and in peptide synthesis 
[2–4]. Proteases hydrolyze bonds in protein molecules to 
yield smaller chains (peptides) and units (amino acids). They 
include a complex group of hydrolase enzymes comprising 
about 60% of global enzyme sales [4, 5]. The Enzyme Com-
mission classifies proteases into group 3, subgroup 4 of the 
hydrolases [6]. While proteases are produced by animals, 
plants and microorganisms, microbial proteases are favored 
for industrial applications because of their extracellular 
properties and high production rate [5]. Microbial proteases 
are stable under acidic and alkaline conditions and tolerate 
surfactants, heavy metals and oxidizing agents [7].

Strains of Bacillus spp., particularly B. subtilis, are 
widely used in protease production. These bacteria grow 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0044​9-019-02277​-5) contains 
supplementary material, which is available to authorized users.

 *	 Min Cho 
	 cho317@jbnu.ac.kr

 *	 Byung‑Taek Oh 
	 btoh@jbnu.ac.kr

1	 School of Environment, South China Normal University, 
University Town, Guangzhou 510006, Guandong, China

2	 Division of Biotechnology, Advanced Institute 
of Environment and Bioscience, College of Environmental 
and Bioresource Sciences, Chonbuk National University, 
Iksan, Jeonbuk 54596, South Korea

3	 Department of Ecology Landscape Architecture‑Design, 
College of Environmental and Bioresource Sciences, 
Chonbuk National University, Iksan, Jeonbuk 54596, 
South Korea

4	 School of Natural Resources, University 
of Nebraska-Lincoln, Lincoln, NE 68583‑0817, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00449-019-02277-5&domain=pdf
https://doi.org/10.1007/s00449-019-02277-5


822	 Bioprocess and Biosystems Engineering (2020) 43:821–830

1 3

fast, require only a short fermentation period, and secrete 
extracellular proteins into the medium [6, 8, 9]. Proteolytic 
enzymes can be produced by submerged and solid-state 
fermentation. Diverse agricultural waste materials such as 
wheat bran, soybean meal, cottonseed meal, rice bran, maize 
oil cake, linseed oil cake, coconut oil cake, mustard oil cake, 
groundnut oil cake, millet, lentil bran, orange peel, banana 
peel, and apple peel have been used for protease and amylase 
production by fermentation [10–15]. Advantages of agricul-
tural waste materials include low cost and wide availability, 
ease of use, and high yields [12].

Light can directly influence the growth of several groups 
of bacteria (Chlorobi, Chloroflexi, Cyanobacteria, Proteo-
bacteria and Firmicutes) that are able to obtain and sustain 
energy from photons [16, 17]. The non-phototrophic bac-
teria Bacillus subtilis, Deinococcus radiodurans and Pseu-
domonas aeruginosa can sense light by the light oxygen 
voltage (LOV) photoreceptor, and blue light sensing via 
the flavin adenine dinucleotide (BLUF) light photoreceptor 
has been reported for B. subtilis [18, 19]. The BLUF and 
LOV photoreceptors are involved in electron transfer mech-
anisms [20]. Blue light-emitting diodes (blue LEDs) have 
been found to enhance B. subtilis growth, increase second-
ary metabolite (phenolic and flavonoid) production from red 
yeast rice in solid-state fermentation, and maximize amylase 
production from agricultural waste products in submerged 
fermentation [21, 22]. LEDs contain a semiconductor diode; 
the wavelength and color of the emitted light depend on 
the properties of the semiconductor material [23]. LEDs are 
ultra-bright, with nominal heat release and less energy con-
sumption compared to other light sources [24]. LED lighting 
can be constructed to emit very high light fluxes and high 
light intensities. LEDs have a long lifetime and their small 
size empowers multipurpose design [23, 25].

In the present study, a B. subtilis strain was isolated 
and used for protease production by submerged fermenta-
tion under ordinary fluorescent and LED lights, with vari-
ous agricultural waste products as substrate. The protease 
was purified, substrate specificity was determined, and the 
enzyme characterized for stability and tolerance to pH, 
temperature, metal ions, inhibitors, oxidizing agents, sur-
factants, and organic solvents.

Materials and methods

Materials

Luria Bertani (LB) medium was obtained from Difco Labo-
ratories (Becton, Dickson and Co., USA). The other chemi-
cals and solvents were obtained from DAEJUNG Reagents 
and Chemicals co. Ltd. (Korea). LEDs were purchased from 
HM Trade Co. (Korea).

Isolation and identification of bacteria

The bacterial strain B22 was isolated from homemade kim-
chi using LB medium containing 1% tryptone, 0.5% yeast 
and 0.5% NaCl. Microbiological pour plates were used to 
isolate colonies, which were streaked on LB agar plates to 
obtain a pure culture. The isolated B22 strain was screened 
by biochemical and carbon utilization tests. B22 produced 
protease on skimmed milk agar plates and formed a pro-
teolytic zone around the colonies. The protease-producing 
B22 genomic DNA was extracted using the GenElute™ 
Bacterial Genomic DNA Kit (Sigma-Aldrich Co. LLC, 
St. Louis, MO, USA). The purity of the DNA was checked 
using a NanoDropTM 2000 Spectrophotometer. DNA was 
amplified by polymerase chain reaction (PCR) using prim-
ers 27F (forward primer) 5′-AGA​GTT​TGA​TCC​TGG​CTC​
AG-3′ and 1492R (reverse primer) 5′-ACG​GCT​ACC​TTG​
TTA​CGA​CTT-3′. The PCR mixture included 2 µL (10 ng) 
of DNA as the template, with each primer at a concen-
tration of 0.5 µM, 1.5 mM MgCl2, and each dNTP at a 
concentration of 50 µM, as well as 1 µL of Taq DNA poly-
merase and buffer, as recommended by the manufacturer 
(MBI Fermentas, Germany). PCR was carried out with a 
Mastercycler Personal Thermal Cycler (Eppendorf) as fol-
lows: initial denaturation at 95 °C for 1 min; 40 cycles of 
denaturation (3 min at 95 °C); annealing (1 min at 55 °C) 
and extension (2 min at 72 °C); followed by a final exten-
sion (5 min at 72 °C) [26]. The PCR-amplified DNA was 
partially sequenced by 16S rRNA gene sequencing using 
the Big Dye terminator cycle sequencing kit (Applied Bio-
Systems, USA). Sequencing was determined on an Applied 
Biosystems model 3730XL automated DNA sequencing 
system. The relatedness of the gene sequence of strain B22 
to reference sequences in the Nucleotide Database of the 
National Center for Biotechnology Information (NCBI) 
was determined using BLASTn. Reference sequences of 
16S rDNA from Bacillus spp. were downloaded and mul-
tiple nucleotide alignments of the selected sequences were 
made using ClustalX. A phylogenetic tree was constructed 
(neighbor-joining method) using MEGA version 3.1, with 
1000 bootstrap replications to validate internal branches. 
The gene sequence of B22 was submitted to NCBI.

Bacterial growth and protease activity 
under various light sources

B22 cells (100 µL) from the stock culture were inocu-
lated into 150  mL of autoclaved LB broth in 250-mL 
Erlenmeyer flasks. The flasks were incubated in a box 
on a rotatory shaker at 37 °C and 150 rpm under various 
light sources and colors (light intensity 150 µmol/m2/s): 
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fluorescent white light (400 nm); darkness (360 nm); blue 
LEDs (460–490  nm); red LEDs (620–645  nm); green 
LEDs (520–550 nm); white LEDs (380–780 nm). The 
box contained LED chambers and a temperature control-
ler with a 12 V power supply. B22 growth was monitored 
for 24 h at 4-h intervals by optical density at 600 nm and 
protease activity was measured concurrently.

Protease was measured according to Qureshi et al. [27] 
with minor modifications. Briefly, 1.0 mL of casein sub-
strate (0.5% substrate dissolved in 50 mM sodium phosphate 
buffer at pH 7.6) was mixed with supernatant (culture centri-
fuged at 9000×g for 10 min at 4 °C) and 0.5 mL of glycine 
NaOH buffer (pH 9.0). The mixture was incubated at 40 °C 
for 0.5 h after which enzyme activity was halted by add-
ing 0.5 mL of trichloroacetic acid (15% v/v). The solution 
mixture was centrifuged at 6000×g for 10 min to remove 
undigested protein. A 0.5 mL aliquot of supernatant, 2.5 mL 
of sodium carbonate buffer (50 mM, pH 7.5), and 0.5 mL 
of Folin reagent were added. The solution mixture was held 
at room temperature for 0.5 h and optical density read at 
660 nm. A standard curve was constructed using a tyrosine 
standard; one unit of protease activity was defined as the 
quantity of enzyme required to release 1 µmol tyrosine from 
the substrate per minute.

Protease production

Protease was produced by B22 in a basic medium (pH 8.0) 
consisting of (g/L) casein (10.0); peptone (5.0); yeast extract 
(5.0); MgSO4·7H2O (0.2); KH2PO4 (1.0); Na2CO3 (5.0). B22 
was added (1% v/v) to 300 mL of medium in a 500-mL 
Erlenmeyer flask and incubated at 37 °C in an orbital shaker 
at 120 rpm for 24 h under the various light sources. Protease 
production (activity) was measured at 4, 8, 12, 16, 20 and 
24 h.

Among the light sources and colors, blue LEDs resulted 
in the most B22 growth and greatest protease production, so 
blue LEDs were used to further enhance protease produc-
tion using locally obtained agricultural waste materials (5 g 
ground oil cake, coconut oil cake, mustard oil cake, linseed 
oil cake, cotton seed meal, soybean meal and wheat bran 
per L at pH 8.0) with B22 incubated at 37 °C and 150 rpm. 
Protease activity was measured at 24, 48, 72, 96 and 120 h 
of fermentation. Carbohydrate, protein, lipid, moisture, and 
ash contents of the agricultural materials were determined 
following the Association of Official Analytical Chemists 
(AOAC) methods [28].

Protease extraction and purification

Protease extraction and purification procedures of Farhad-
ian et al. [3] were used with minor modifications. The fer-
mentation medium was centrifuged at 9000×g for 10 min at 

4 °C; the supernatant contained crude enzyme. Protease was 
precipitated by adding ammonium sulfate to 85% saturation. 
The suspension was kept overnight at 4 °C, then the precipi-
tate was obtained by centrifuging at 8000×g for 30 min. The 
precipitate was dissolved in a 20 mM phosphate buffer (pH 
6.5), dialyzed against the same buffer at 4 °C, loaded onto 
the gel filtration column, and equilibrated with 20 mM phos-
phate buffer at pH 6.5. The sample was eluted at a flow rate 
of 0.4 mL/min. The eluted fractions were dialyzed against 
20 mM Tris–HCl buffer at pH 8, freeze dried, and stored 
at − 20 °C for further characterization.

SDS‑PAGE analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) was used to identify the crude protease by 
molecular weight. This included 12% running gel buffered at 
pH 8.8 with 1.5 M Tris–HCl and 5% stacking gel buffered at 
pH 6.8 with 0.5 M Tris–HCl, and staining with Coomassie 
Brilliant Blue [7]. Protein bands of the enzyme produced 
by B. subtilis B22 were visualized and molecular weight 
(kDa) determined by comparison with a standard commer-
cial protein ladder (BLUEstain™ Protein ladder, 8–240 kDa; 
Catalog No. P007-500) and commercial Bacillus licheni-
formis protease (Sigma-Aldrich; Product Code P5380) as a 
positive control.

Effect of pH and temperature on protease activity 
and stability

The effect of pH on the purified protease activity was deter-
mined at pH 3.0–12.0 using 0.1 M sodium acetate (pH 
3–5), phosphate (pH 5.5–7.5), Tris–HCl (pH 8–10) and 
glycine–NaOH (pH 10.5–12) as buffers, with 0.5% casein 
as the substrate. The mixture was incubated for 15 min and 
protease activity was measured. The pH stability of the 
enzyme was also determined by incubating purified protease 
without substrate in the aforementioned buffers for 1 h at 
37 °C. Activity was then measured using the standard assay 
and compared to that at the start of the experiment (100% 
control) [29].

The effect of temperature on activity of the purified pro-
tease was determined by incubating at 20–90 °C for 15 min 
in 20 mM Tris–HCl buffer at pH 8 with casein as the sub-
strate. To determine stability, the protease was incubated 
without substrate at 20–90 °C (pH 8) for 1 h and activity 
was measured. Activity was compared to that at the start of 
the experiment (100% control) [29].

Substrate specificity

Substrate specificity of the purified protease was determined 
for 0.5% albumin, azocasein, bovine serum albumin (BSA), 
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gluten, glycogen, gelatin, hemoglobin and pullulan, and 
compared to casein. The enzyme (100 µL) was mixed with 
500 µL of substrate. The mixtures were incubated at 37 °C 
for 30 min and protease activity was measured relative to 
that of casein (100%) [29].

Effects of metal ions, inhibitors, surfactants, 
and oxidizing agents on protease activity

Activity of the purified protease was determined in the 
presence of various metal ions (5 mM Cu2+, Fe2+, Mn2+, 
Ca2+, Mg2+, Hg2+, Ni2+, Co2+ and Zn2+), inhibitors (5 mM) 
EDTA (ethylenediaminetetraacetic acid) and PMSF (phe-
nylmethanesulfonyl fluoride), surfactants (5 mM) CTAB 
(cetyltrimethylammonium bromide), SDS (sodium dodecyl 
sulfate), Triton X-100 and Tween 80, and oxidizing agents 
(5%) H2O2 and sodium perborate. Enzyme and test solutions 
were mixed with 0.5% casein, incubated at 37 °C for 1 h, 
and protease activity was assayed; enzyme activity in the 
absence of the respective compounds (0.5% casein control) 
was considered as 100% [29].

Effects of organic solvents on enzyme activity

Protease activity was determined in the presence of 10 and 
20% methanol, ethanol, 2-propanol, chloroform, acetone, 
hexane, isoamyl alcohol, toluene, isopropanol and DMSO. 
The solvents were mixed with enzyme and 0.5% casein, 
incubated at 37 °C for 1 h, and assayed for protease activity. 
Enzyme activity in the absence of organic solvents was the 
control (100%) [29].

Statistical analyses

All tests were conducted in triplicate and statistical analyses 
were performed using SPSS 17.0 (SPSS Inc., USA). Data 
are reported as means ± standard deviations. ANOVA with 
Duncan’s multiple range test was used to compare treatment 
response means, with significance at p ≤ 0.05.

Results and discussion

Identification of the bacterial strain

A bacterial strain (B22) was isolated from homemade kim-
chi and cultivated at optimum temperature (37 °C) and pH 
(7.0). Characteristics, biochemical tests, and carbon source 
utilization are shown in Table 1. B22 was Gram positive, rod 
shaped and motile. Biochemical characteristics suggest that 
B22 belongs to the genus Bacillus. The strain was unable to 
utilize d-xylose, β-gentiobiose and α-methyl-d-glucosidase 
but capable of using the other evaluated carbon sources. 

Molecular identification of B22 by 16S rRNA gene sequenc-
ing showed 100% homology with Bacillus subtilis. The 16S 
rRNA gene sequence was submitted to a BLAST search. 
Phylogenetic relationships were confirmed by investigating 
all correlated species recognized by the NCBI taxonomy 
and classification. A neighbor-joining phylogenetic tree was 
constructed for related Bacillus species and isolates (Fig. 1). 
The B22 isolate exhibited 100% nucleotide sequence simi-
larity with nine isolates based on the GenBank database. 
Accession no. MH665589 was obtained from NCBI for the 
B. subtilis B22 isolate.

B22 growth and protease activity in LB medium 
under various light sources

B. subtilis growth in LB medium was measured (OD600) 
under various light sources. Blue LEDs maximized growth 
(OD600 = 1.9) while the average OD600 was 1.1 under other 
light sources (Fig. 2a). Protease produced by B22 appeared 
as bands on SDS-PAGE, consistent with the band of com-
mercial B. licheniformis protease (Fig. S1). Protease pro-
duction (activity) was also greater (77%) under blue LEDs 

Table 1   Characteristics, biochemical tests, and carbon source utiliza-
tion by Bacillus subtilis B22

a Positive
b Negative

Characteristics and tests Utilization of carbon source

Gram staining +a d-Glucose +
Motility + d-Fructose +
Shape Rod d-Mannose +
Color White d-Xylose –
Indole –b d-Raffinose +
Methyl red – l-Arabinose +
Voges–Proskauer + β-Gentiobiose –
Catalase – Cellobiose +
Oxidase – Maltose +
Amylase + Lactose +
Protease + Melibiose +
Alkaline phosphatase + Saccharose +
Esterase + Trehalose +
Lipase + Ribose +
Acid phosphatase + Inositol +
α-Galactosidase + Mannitol +
β-Glucuronidase – Sorbitol +
α-Mannosidase – Glycerol +
Alfa-l-fucosidase – Amygdalin +
Urease – Arbutin +
H2S production – N-Acetyl glucosamine +

α-Methyl-d-glucosidase –
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compared to other light sources (average of 52%) (Fig. 2b). 
Light received by B22 in a liquid medium is transformed 
to a signal, enabling photochemical reactions which 
enhance growth and metabolic processes. The response 
to blue light can be attributed to LOV and BLUF photo-
receptors in B. subtilis, which induce molecular changes 
[19, 20].

Protease production in submerged fermentation 
with agricultural waste materials

In submerged fermentation with casein as substrate, protease 
production was greatest (110.79 ± 1.8 U/mL at 24 h) under 
blue LEDs (Table 2). Therefore, blue LEDs were used to fur-
ther enhance protease production using various agricultural 
waste materials as substrate.

B. subtilis grew fastest and protease production was 
greatest (334.17 ± 1.8 U/mL at 72 h) in medium containing 
groundnut oil cake (Table 3). Lesser amounts of protease 
were produced when the other substrates were used. Protease 
production was highest at 72 h, but decreased on further 
incubation, likely because one or more components of the 
medium became limiting to B22 growth. Substrate compo-
sition can have a major impact on protease production in 
submerged fermentation. The substrate must have a carbon 
and nitrogen content appropriate for the fermentation [12]. 
A substantial carbohydrate content stimulates the expres-
sion of hydrolytic enzymes [30]. Sathishkumar et al. [31] 
similarly reported high protease production by B. subtilis 
with groundnut oil cake as the substrate and Sankareswaran 
et al. [32] reported greater production with groundnut oil 
cake than with rice bran, wheat bran, coconut oil cake, and 
gingelly oil cake.

Groundnut oil cake, coconut oil cake, linseed oil cake 
and soybean meal have the highest protein and carbohydrate 
contents of the tested agricultural waste products (Table 4). 
Cottonseed meal and wheat bran have lower protein content 
than the others, but the differences were not significant. This 
affirms the value of using such agricultural waste materi-
als as fermentation substrate for maximum production of 
protease.

Effects of pH and temperature

Bacillus spp. are known to survive under extreme condi-
tions, including acidic, alkaline, high-temperature and dry 
environments [33]. These properties are highly desirable 
for industrial applications. Protease produced by B. subtilis 
B22 exhibited high activity and stability at pH 7–10 (Fig. 3). 
Protease activity was maximal (98%) at pH 7.0 and 8.0 
(Fig. 3a). However, good protease activity was observed at 
pH 6, 9, and 10 (73, 85, and 70%, respectively). The stability 
of protease at pH 8 was 93% and 83% at pH 9 (Fig. 3b). This 
is consistent with earlier reports suggesting that proteases 
produced by Bacillus strains are alkali tolerant, detergent 
compatible, and suitable for detergent preparations and pro-
cesses such as tanning [4, 34–36]. The pH stability of pro-
tease produced by B22 at pH 7–10 exceeds that of currently 
available detergent proteases, including Subtilisin Novo and 
Savinase™, which have optimum stability at pH 8–10 [37].

Fig. 1   Neighbor-joining tree based on 16S rRNA gene sequence for 
Bacillus subtilis B22 (black dot) showing phylogenetic relationships 
among sequences of isolates based on the GenBank database

Fig. 2   Bacillus subtilis B22 a growth and b protease production 
(measured as activity) in Luria Bertani (LB) medium under different 
light sources. Error bars indicate standard deviations; where absent 
bars fall within symbols



826	 Bioprocess and Biosystems Engineering (2020) 43:821–830

1 3

Thermostability is important in determining the poten-
tial of enzymes for use in industrial processes requiring 
high temperatures. The activity and stability of the puri-
fied protease were good at 20–60 °C but greatest at 40 °C 
(98%) (Fig. 4a, b). This is similar to the activity and sta-
bility of other microbial proteases [4, 36, 38]. Thermosta-
ble enzymes have advantages for numerous commercial 
applications due to shorter reaction times and reduced con-
tamination risks, as their active sites are protected against 
thermal denaturation [39, 40]. Thus, protease produced by 
B. subtilis B22 has good industrial potential for use under 
high heat and alkaline conditions.

Substrate specificity

The specificity of the purified protease for various standard 
proteinaceous substrates is shown in Fig. 5. Maximum speci-
ficity was for albumin (88%), followed by azocasein (80%), 
BSA (45%), gluten (30%), gelatin (26%) and hemoglobin 
(26%), compared to casein (100% activity). The substrate 
specificity of protease reflects its capacity to hydrolyze pep-
tide bonds between the amino acids of proteins. Bacillus 
proteases can cleave both natural and modified proteins [37]. 
Protease produced by B. subtilis B22 hydrolyzed peptide 
bonds of the evaluated proteinaceous substrates. Protease 

Table 2   Protease production 
by Bacillus subtilis B22 
under different light sources 
and colors in submerged 
fermentation with 0.5% casein 
as substrate

a Mean ± SD. Treatment means for each incubation period followed by the same letter are not significantly 
different by Duncan’s multiple range test (p ≤ 0.05)

Light source Protease production (U/mL) and incubation period

4 h 8 h 12 h 16 h 20 h 24 h

Blue LEDs 20.61 ± 1.4aa 37.52 ± 1.4a 57.53 ± 1.4a 80.42 ± 1.4a 100.53 ± 1.8a 110.79 ± 1.8a
Green LEDs 15.78 ± 1.2b 26.32 ± 1.2b 30.65 ± 1.1b 62.54 ± 1.2b 79.53 ± 1.2b 93.67 ± 1.6b
Red LEDs 13.10 ± 1.2b 28.14 ± 1.2b 37.91 ± 1.1c 62.84 ± 1.2b 74.23 ± 1.2c 92.01 ± 1.6b
White LEDs 13.96 ± 1.2b 24.22 ± 1.2b 35.71 ± 1.1c 63.51 ± 1.2b 77.21 ± 1.2b 93.55 ± 1.6b
White fluorescent 12.44 ± 1.2b 23.71 ± 1.2b 38.52 ± 1.2c 61.51 ± 1.2b 73.35 ± 1.2c 90.23 ± 1.6b
Dark (no light) 12.31 ± 1.2b 22.65 ± 1.2b 36.78 ± 1.2c 61.15 ± 1.4b 72.10 ± 1.4c 90.44 ± 1.6b

Table 3   Protease production 
by Bacillus subtilis B22 in 
submerged fermentation under 
blue LEDs using different 
agricultural waste materials as 
substrates

a Mean ± SD. Treatment means for each incubation period followed by the same letter are not significantly 
different by Duncan’s multiple range test (p ≤ 0.05)

Substrates Protease production (U/mL) at each incubation period

24 h 48 h 72 h 96 h 120 h

Groundnut oil cake 160.81 ± 1.6aa 230.12 ± 1.8a 334.17 ± 1.8a 280.51 ± 1.8a 190.71 ± 1.8a
Coconut oil cake 140.12 ± 1.4b 190.24 ± 1.6b 297.15 ± 1.6b 210.73 ± 1.6b 174.52 ± 1.6b
Linseed oil cake 124.51 ± 1.2c 180.84 ± 1.6c 290.44 ± 1.6b 217.58 ± 1.6b 159.52 ± 1.4d
Cottonseed meal 121.72 ± 1.2c 191.18 ± 1.6b 270.54 ± 1.6c 214.11 ± 1.6b 167.31 ± 1.4 c
Soybean meal 120.54 ± 1.2c 188.71 ± 1.6b 289.90 ± 1.6b 207.37 ± 1.6c 171.77 ± 1.6b
Wheat bran 119.63 ± 1.2c 192.54 ± 1.6b 269.11 ± 1.6c 209.44 ± 1.6c 141.54 ± 14e

Table 4   Components of the agriculture waste materials used to produce protease by Bacillus subtilis B22 in submerged fermentation under blue 
LEDs

a Mean ± SD. Component contents were not significantly different among the agricultural waste substrates by the Duncan’s multiple range test at 
(p ≤ 0.05)

Component Content (%)

Groundnut oil cake Coconut oil cake Linseed oil cake Cottonseed meal Soybean meal Wheat bran

Carbohydrate 39 ± 1.2a 25 ± 1.2 40 ± 1.2 52 ± 1.6 33 ± 1.4 62 ± 1.8
Protein 46 ± 1.2 47 ± 1.6 42 ± 1.2 25 ± 1.2 44 ± 1.6 13 ± 0.8
Lipid 6 ± 0.6 10 ± 0.6 10 ± 1.0 7 ± 0.6 2 ± 0.2 4 ± 0.2
Moisture 8 ± 0.6 6 ± 0.6 10 ± 0.6 7 ± 0.6 12 ± 0.7 14 ± 0.8
Ash 6 ± 0.6 5 ± 0.6 8 ± 0.6 4 ± 0.2 7 ± 0.3 5 ± 0.2
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from Bacillus licheniformis K7A similarly showed good 
activity toward casein, azocasein, albumin and gelatin [37]. 
Moderate hydrolysis of BSA, gelatin and hemoglobin by the 
B22 protease was similar to that of protease produced by B. 
subtilis BUU1 isolated from marine sediment [4].

Effects of metal ions, inhibitors, surfactants 
and oxidizing agents

Activity of the purified protease in the presence of various 
metal ions, inhibitors, surfactants, and oxidizing agents is 
shown in Table 5. Activity was highest in the presence of 
5 mM Ca2+ (122%) but exceeded 100% (0.5% casein-only 
control) in the presence of 5 mM Mg2+, Mn2+, Fe2+ and 
Zn2+. High activity in the presence of Co2+ (95%) and Cu2+ 
(88%) contrasted with complete inhibition by Ni2+ and Hg2+. 
Activity was also high with EDTA (98%) but there was no 
activity with PMSF. Activity of the protease was not affected 
by 5 mM Triton X-100 or Tween 20, but activity was less 
with SDS and greatly reduced by CTAB. The protease was 
stable in 5% (v/v) hydrogen peroxide and sodium perborate.

Metal ions affect the catalytic activity and stability of pro-
teases. Protease produced by B22 under blue LEDs exhibited 
high activity and stability in the presence of Ca2+, Mg2+, and 

Mn2+. Stimulatory effects of Ca2+ and Mg2+ were similarly 
observed for protease produced by Bacillus firmus CAS 7 
[36]. These cations facilitate interaction between the cata-
lytic site of the protease enzyme and substrate [37]. This 
strategy necessitates metallic ions as cofactors. Ca2+, Mg2+ 
and Mn2+ defend against thermal denaturation by stabilizing 
enzyme structure while maintaining its active conformation 
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Fig. 3   Purified protease a activity (after 15 min with casein substrate) 
and b stability (activity after 1 h without substrate) under different pH 
conditions at 37 °C. The protease was produced by Bacillus subtilis 
B22 under blue LEDs in submerged fermentation. Error bars indicate 
standard deviations, where absent bars fall within symbols

Fig. 4   Effects of temperature on a activity (after 15 min with casein 
substrate) and b stability (activity after 1 h without substrate) of the 
purified protease at pH 8. Error bars indicate standard deviations; 
where absent bars fall within symbols
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Fig. 5   Specificity of purified protease for different standard sub-
strates. Activity is relative to that with casein as the substrate (100%). 
Error bars indicate standard deviations
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at elevated temperatures [34, 35, 41]. In contrast, Fe2+, Zn2+, 
Co2+ and Cu2+ inhibited activity of the protease, as reported 
by Farhadian et al. [3]. These metal ions affect the catalytic 
site of the enzyme, causing loss of proteolytic activity. Hg2+ 
and Ni2+ usually inactivate enzymes, as observed in this 
study, and the inhibition is well documented in the literature 
[3, 36, 38]. Hg2+ is known to react with protein thiol groups 
(converting them to mercaptides) as well as histidine and 
tryptophan residues, which inactivates the enzyme [42].

Protease activity was not affected by EDTA but was 
completely inhibited by PMSF. EDTA does not affect the 
active site center of protease, consistent with the metallo-
protease class of enzymes [41]. This property affords its use 
as a detergent additive [35]. In contrast, the PMSF inhibi-
tor blocks the serine residue at the active site of protease, 
causing loss of proteolytic activity [4]. These findings are 
consistent with previous research on Bacillus licheniformis 
strains [7, 37]. Protease produced by B22 was not affected 
by the nonionic surfactants Triton X-100 and Tween-20. 
Activity was reduced 29% by the anionic surfactant SDS 
while the cationic surfactant CTAB reduced activity by 63%. 
Our findings and previous research on protease produced 
by Bacillus spp. further suggest the utility of this enzyme 
in detergent products [34, 43, 44]. Previous researchers 
reported an increase in the activity of protease from Bacil-
lus sp. B001, B. cereus SIU1, and B. subtilis BUU1 in the 
presence of H2O2 [4, 34, 45]. The protease produced by 
B22 retained catalytic activity when exposed to the oxidiz-
ing agent H2O2 and activity was only reduced by 4% in the 
presence of sodium perborate.

Solvent tolerance

Tolerance of purified B22 protease to solvents at 10 and 20% 
(v/v) is shown in Fig. 6. The protease exhibited > 90% stabil-
ity with the solvents hexane and isoamyl alcohol and > 80% 
stability with acetone, hexadecane and chloroform. Stability 
was less but exceeded 50% with DMSO, toluene, metha-
nol, ethanol, isopropanol and 2-propanol. Solvents can be 
highly toxic and enzymes can lose activity due to reduction 
in structural and hydrophobic interactions [35]. Importantly, 
B22 protease was active in the presence of multiple solvents. 
Solvent-tolerant protease was similarly produced by Bacillus 
subtilis DR8806, B. cereus, and B. licheniformis K7A [3, 
37, 46]. The stability of protease in the presence of organic 
solvents can be attributed to a larger number of negatively 
charged acidic amino acids compared to basic amino acids 

Table 5   Effects of metal ions, inhibitors, surfactants and oxidiz-
ing agents on purified protease activity relative to that of the control 
(0.5% casein) without the additions after incubating for 1 h at 37 °C

a Mean ± SD. Treatment means followed by the same letter are not 
significantly different by Duncan’s multiple range test (p ≤ 0.05)

Metal ions (5 mM) Activity (%)

Control 100.00ca

 Ca2+ 142.93 ± 2.2a
 Mg2+ 132.09 ± 2.1b
 Mn2+ 129.76 ± 2.1b
 Fe2+ 102.04 ± 2.1c
 Zn2+ 107.09 ± 2.1c
 Co2+ 95.12 ± 1.8d
 Cu2+ 88.33 ± 1.8d
 Ni2+ 0
 Hg2+ 0

Inhibitors (5 mM)
 EDTA 98.21 ± 1.8d
 PMSF 0

Surfactants (5 mM)
 Triton X-100 104.01 ± 1.8c
 Tween 20 102.53 ± 1.8c
 SDS 71.44 ± 1.6e
 CTAB 36.67 ± 1.1f

Oxidizing agents (5% v/v)
 H2O2 101.52 ± 1.8c
 Sodium perborate 95.56 ± 1.2d

Fig. 6   Tolerance of the purified 
protease to solvents. Error bars 
indicate standard deviations
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in the enzyme [35]. The negative charges maintain stability 
by forming a hydrated ion network with cations.

Conclusions

Significantly more protease was produced by Bacillus sub-
tilis B22 in submerged fermentation under blue LEDs com-
pared to white fluorescent and white, red or green LEDs, 
where production at 24 h was similar to that under darkness. 
Protease production was enhanced in medium containing 
0.5% (w/v) agricultural waste materials (at 72 h ground-
nut oil cake ≫ coconut oil cake = linseed oil cake = soybean 
meal > cottonseed meal = wheat bran). The purified protease 
displayed high tolerance of and stability to broad ranges in 
pH (7–10) and temperature (20–60 °C). Catalytic activity 
increased in the presence of Ca2+, Mg2+ and Mn2+, and 
activity and stability were high in the presence of EDTA, 
nonionic surfactants Triton X-100 and Tween 20, and the 
oxidizing agents H2O2 and sodium perborate. The pro-
tease was stable with multiple organic solvents and activity 
was ≥ 80% with hexane, isoamyl alcohol, acetone, hexade-
cane and chloroform. Based on these properties and perfor-
mance, protease produced by B. subtilis B22 in submerged 
fermentation under blue LEDs has a variety of potential 
applications, such as in detergent, leather, food fermenta-
tion and pharmaceutical industries.
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