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Abstract
As an important industrial enzyme, protease is widely used in feed, food and other fields. At present, the insufficient protease 
activity obtained from microorganisms cannot meet the purpose of industrial production. In this study, Bacillus amylolique-
faciens with high protease production was screened from animal feces by plate transparent circle method. To improve the 
production of protease, atmospheric room temperature plasma (ARTP) mutagenesis was used in the first round, protease 
activity reached 315.0 U/mL. Then, to enhance production of protease, 60Co-γ irradiation was used for combined mutagen-
esis, leading to protease activity of B. amyloliquefaciens FMME ZK003 up to 355.0 U/mL. Furthermore, to realize the 
efficient production of protease, after optimization of fermentation conditions, protease activity was increased to 456.9 U/
mL. Finally, protease activity of B. amyloliquefaciens FMME ZK003 reached 823.0 U/mL in a 5 L fermenter. These results 
indicate that B. amyloliquefaciens can efficiently produce protease, which provides a good foundation for the industrial 
production of protease.
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Introduction

Protease can catalyze the hydrolysis of protein to generate 
polypeptides and small amino acids [1, 2], which is widely 
used in food [3, 4], feed [5, 6], detergent [7, 8], leather [9], 
and textile [10]. Currently, protease can be produced through 
two different routes: chemical extraction and microbial fer-
mentation [1, 11, 12]. However, chemical extraction of pro-
tease from animals [13, 14] and plants [15] is a complex 
process with many bottleneck problems, such as high cost, 
low efficiency and complex purification process [1]. To over-
come these problems, protease production by microbial fer-
mentation is regarded as a promising method due to its cheap 

and renewable raw materials and simplified downstream 
purification process [16–20]. Naturally occurring producers 
have been isolated and optimized to produce protease, such 
as Bacillus subtilis [21], Bacillus sphaericus [22], Bacil-
lus licheniformis [12], Rhodotorula mucilaginosa [23] and 
Mucor spp. [24]. However, protease activity obtained from 
these microorganisms is not high enough to be suitable for 
scale-up production.

Two strategies have been investigated for producing pro-
tease in microbial fermentation. Strategy (i) is physical or 
chemical mutagenesis methods. These methods were used 
to obtain mutants with high protease production, such as 
ultraviolet (UV) [25], laser [26], ray [27], ethyl methane 
sulfonate (EMS) [28], and nitrosoguanidine (NTG) [29]. For 
example, the activity of protease produced by B. licheni-
formis was increased by 3.50 times to 357.2 U/mL by com-
bined UV and laser mutagenesis [26]. Strategy (ii) is genetic 
modification. Genetic engineering was used to improve 
microbial production of protease [30–33]. For example, the 
expression of alkaline protease gene (aprE) was optimized 
by screening the most efficient expression system, and thus 
protease activity was improved by 62.2% [32]. On the basis 
of the above two methods, fermentation optimization can 
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be continued to improve the protease activity. The activ-
ity of protease was enhanced by optimizing fermentation 
conditions [34–36]. For example, by optimizing the carbon 
and nitrogen sources of B. subtilis fermentation medium, 
protease activity reached 125.0 U/mL [35]. However, there 
are some problems in these methods, such as low positive 
mutation rate, heavy metabolic burden and complex fermen-
tation process, so that protease activity is not high enough to 
be used in industrial production.

In this study, Bacillus amyloliquefaciens with high pro-
tease production was screened by plate transparent circle 
method. On this basis, atmospheric room temperature 
plasma (ARTP) and 60Co-γ irradiation were combined to 
mutagenesis to improve protease production. After optimi-
zation of fermentation conditions, protease activity of B. 
amyloliquefaciens FMME ZK003 reached 823.0 U/mL in 
a 5 L fermenter. This will lay a good foundation for the 
efficient production of protease by microbial fermentation.

Materials and methods

Materials

Twenty samples of animal feces (pig, chicken, and cattle) 
were collected from farms around Wuxi city.

Medium

The casein screening medium was composed of 4 g/L casein 
dissolved in 20 mL 0.1 mol/L NaOH solution, 20 g/L agar. 
Medium A was composed of 10 g/L beef extract, 10 g/L 
tryptone, and 10 g/L NaCl. Luria–Bertani (LB) medium 
was composed of 10 g/L tryptone, 5 g/L yeast extract, and 
10 g/L NaCl. Medium B was composed of 60 g/L glucose, 
60 g/L tryptone, 0.5 g/L CaCl2, and 4 g/L Na2HPO4·12H2O. 
Medium C was composed of 10 g/L yeast extract, 5 g/L tryp-
tone, 5 g/L glucose, and 2 g/L NaCl.

Culture conditions

Seed cultures were prepared in a 250 mL shake–flask con-
taining 50 mL of media. Seed cultures were grown for 16 h 
at 30℃ with shaking at 200 rpm. The shake flask fermenta-
tion conditions are as follows: the seed cultures were trans-
ferred as 10% inoculum to a 500 mL shake flask containing 
100 mL fermentation medium and then cultivated at 30℃ 
with shaking at 200 rpm for 1–3 days. The 5 L fermenter 
fermentation conditions are as follows: fermentation in a 5 
L fermenter were conducted with 2.5 L working volumes, 
containing inoculated at 10%. Airflow was set at 1.5 vvm, 
and the dissolved oxygen concentration was controlled above 

20% saturation by agitation cascade, and pH was maintained 
at 7.5 by the automatic addition of ammonium hydroxide.

Screening protease‑producing strains

During the enrichment process, 1.0 g of the sample was 
added into a 250 mL shake flask containing sterile water at 
30℃ with shaking at 200 rpm for 1 h.

In the preliminary screening, the enrichment solution was 
diluted at 10 times ratio, and the 10−4, 10−5, 10−6, 10−7, 
10−8 folds enrichment solution were, respectively, coated on 
casein screening plate, which cultured at 30℃ for more than 
24 h. Strains that produce protease will appear white trans-
parent circles on the screening plate, while those that do not 
produce protease will not. Therefore, the potential microor-
ganism range can be determined according to whether there 
is a white transparent circle.

In the secondary screening, strains with protein degrada-
tion ability were isolated and selected by screening medium. 
The ratio of the diameter of the transparent circle to the 
diameter of the colony (H/d value) as in Eq. 1 was positively 
correlated with the protease activity of the strain. The H/d 
value in the same time was calculated by selecting the iso-
lated strains to the casein screening plate. Strains with the 
highest ratio were selected for subsequent research.

In the identification of strain species, first, FastPure Bac-
teria DNA Isolation Mini Kit (Vazyme Biotech Co.,ltd) was 
used for bacterial genome extraction. The bacterial genome 
was used as a template, and 27F and 1492R universal prim-
ers were used as upstream and downstream primers for 
PCR amplification. The PCR products were sequenced by 
GENEWIZ. Then sequence and phylogenetic analysis were 
performed. BLAST system (http://​www.​ncbi.​nlm.​nih.​gov/​
BLAST) was used to analyze the homology of 16S rDNA. 
Multiple sequence alignment using software DNAMAN, and 
finally Mega 3.1 software were used to construct phyloge-
netic tree.

ARTP and 60Co‑γ irradiation

The B. amyloliquefaciens FMME ZK001 was cultured at 
30 ℃ in LB medium for around 16 h, and then 1 mL of 
cells was washed three times with phosphate-buffered saline. 
Finally, the strain was suspended in 1 mL of phosphate-buff-
ered saline and diluted to an OD600 of 3.0 using a gradient.

The prepared 10 μL bacterial suspension was placed in 
the center of the sterilized metal substrate and placed in 
an ARTP breeder to induce mutagenesis. The mutagenesis 

(1)H/d =
The diameter of transparent circle (mm)

The diameter of colony (mm)

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ncbi.nlm.nih.gov/BLAST
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conditions are shown in Table 1. The cultured specimens 
were placed into a 1.5 mL centrifuge tube containing 990 
μL seed medium, and the cells were oscillated with a vortex 
oscillator for at least 2 min to completely elute the bacteria 
solution. Then they were transferred into a 500 mL shake 
flask containing 50 mL seed medium and cultured at 30 ℃ at 
200 rpm for 12 h. After proper dilution, 100 μL was spread 
on the screening solid medium and incubated at 30 ℃ for 
12–36 h. The mutant with better protease production ability 
was selected for further mutagenesis.

For the mutation of 60Co-γ irradiation, we chose irradia-
tion dosage of 0.4, 0.6, 0.8 and 0.9 kGy to irradiate strain 
suspension, and the other operational parameters were per-
formed as described previously [37]. The irradiated bacte-
rial suspension was diluted appropriately, and 100 μL was 
applied to solid screening medium, and incubated at 30 ℃ 
for 12–36 h. First, solid plate screening was carried out, fol-
lowed by 24 pore plate and shake flask fermentation verifica-
tion. The protease activity of the obtained fermentation broth 
was determined, and the strain with the highest enzyme 
activity was the best mutant screened. The positive mutation 
rate of mutant was calculated according to the activity of 
protease produced by fermentation. The mutant with higher 
protease activity than the starting strain was defined as posi-
tive mutant. The positive mutant ratio was defined as Eq. 2.

Protease activity assay

Based on National standards of the People’s Republic of 
China GB/T 23,527—2009, the activity of protease was 
assayed by folin reagent method and modified appropri-
ately. The enzyme activity unit was defined as the enzyme 
amount required to hydrolyze casein to produce 1 μg tyros-
ine per mL of enzyme solution within 1 min at 40 ℃ and 
pH 7.5, expressed as U/mL.

Determination of tyrosine standard curve: absorb 
1 mL tyrosine solution (0, 10, 20, 40, 50, 60, 80, 90, 100, 

(2)Positive mutant rate (% ) =
Number of mutants with increased production of protease

The total number of mutants

110 μg/mL, respectively), add 5 mL 0.4 mol/L sodium car-
bonate solution and 1 mL folin reagent, and react in water 
bath at 40 ℃ for 20 min. The absorbance value at 660 nm 
was measured by UV–visible spectrophotometer, and the 
tyrosine standard curve was drawn according to the data.

First, the fermentation broth was pretreated, centri-
fuged at 4 ℃ at 5000 rpm for 10 min, and the supernatant 
was filtered by 0.22 μm filter membrane to prepare crude 
enzyme broth. Then, 1% casein solution were preheated at 
40 ℃ for 5 min, and 1 mL casein solution and 2 mL crude 
enzyme solution were mixed evenly, no enzyme solution 
was added to the blank tube. The reaction was accurate at 
40 ℃ for 30 min. The enzymatic reaction was terminated 
with 2 mL 10% trichloroacetic acid solution, the reaction 
solution was left for 5 min, and centrifuged at 5000 rpm at 
4 ℃ for 10 min. Take 1 mL centrifuged supernatant, add 
5 mL 0.4 mol/L sodium carbonate solution and 1 mL folin 
reagent in turn, mix well and then take water bath at 40 ℃ 
for 20 min. After cooling to room temperature, use UV–vis-
ible spectrophotometer to measure the absorbance value of 
660 nm reaction solution. The protease activity was defined 
as Eq. 3, A, sample absorption value; N, dilution ratio of 
enzyme solution, κ the slope of the tyrosine standard curve, 
V volume of enzyme solution (mL), 5 the sample was diluted 
5 times, 30 the reaction time (min).

Protease properties

Effect of temperature on protease activity and stability. The 
protease activity of crude enzyme solution was measured at 
35, 40, 45, 50, 55 and 60 °C. The crude enzyme solution was 

kept at 35, 45, 55 and 65 °C for 20, 40, 60, 80 and 100 min, 
respectively, and the residual protease activity was measured 
at 40 °C.

Effect of pH on protease activity and stability. Different 
buffer solutions: Na2HPO4–NaH2PO4 and Tris–HCl were 
used to control pH at 6.0–8.0 and 8.0–9.0, respectively. The 
crude enzyme solution was reacted with substrates with pH 
values of 6.0, 6.5, 7.0, 7.5, 8.0, 8.5, 9.0 at 40 °C, and pro-
tease activity was measured. The crude enzyme solution was 
placed in buffer solutions with pH values of 6.5, 7.0, 7.5, 8.0 
and 8.5, respectively, and the residual protease activity was 
measured at 40 °C.

(3)U =
A × 5 × N

� × 30 × V

Table 1   Treatment conditions of ARTP

Parameters Treatment condition

Output power (W) 100
Irradiation distance (mm) 2
Flow rate (SLM) 10
Irradiation time (s) 0, 30, 60, 90, 120, 150
Carrier gas He
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Analytical methods

The OD600 was measured using a spectrophotometer. Glu-
cose was quantified by the M-100 Biosensors Analyzer 
(Shenzhen Sieman Technology Co., Ltd).

Data analysis

Values are shown as mean ± SD (standard deviation) from 
three biological replicate experiments.

Results and discussion

Screening protease‑producing Bacillus 
amyloliquefaciens

To obtain protease producing strains, we collected animal 
feces samples from farms around Wuxi city. A total of 200 
protease producing strains were obtained from 908 colonies 
by plate transparent circle method. To preliminarily evaluate 
protease production, the ratio of the diameter of the transpar-
ent circle to the diameter of the colony (H/d value) was used 
for preliminary screening and 153 strains were obtained with 
H/d values ranging from 0.3 to 4.7 (Fig. 1a). To obtain the 
best strain for protease production, the H/d value was further 

used for screening. 33 strains with H/d value between 2.0 
and 4.8 were obtained, among which the H/d value of strain 
153 was 4.7, while the H/d value of other strains was lower 
than 4.0 (Fig. 1b). These results showed that the protein deg-
radation ability of strain 153 was significantly better than the 
other strains. An optimal protease producing strain 153 was 
obtained from animal feces samples using transparent circle 
preliminary screening and H/d value secondary screening 
method.

16S rDNA method was used to identify the species of 
strain 153. With the help of the bacterial genome extraction 
kit, the genome of strain 153 was extracted and amplified by 
PCR to obtain 16S rDNA of the strain. Agarose gel electro-
phoresis detected that the target band size was 1000–2000 bp 
(Fig. 1c), and the 16S rDNA sequencing result was 1400 bp. 
According to gene sequencing results, BLAST sequence 
alignment in NCBI database showed that the 16S rDNA of 
strain 153 was 100% similar to that of Bacillus amylolique-
faciens. On this basis, the phylogenetic tree of strain 153 was 
constructed by Mega 3.1 software (Fig. 1d). In summary, 
strain 153 was identified as B. amyloliquefaciens, named 
B. amyloliquefaciens FMME ZK001. Previous studies have 
shown that the high protease producing strain was screened 
from the soil around maar lake by milk plate screening 
method [38]. A protease-producing strain was isolated from 
30 protease-producing strains, and further identified as B. 

Fig. 1   Screening protease-
producing Bacillus amylolique-
facien. a Plate preliminary 
screening. b Plate secondary 
screening. c Agarose gel elec-
trophoresis of 16S rDNA PCR 
product. d Phylogenetic tree
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licheniformis by physiological and biochemical characteri-
zation, 16S rDNA gene sequence and phylogenetic analysis 
[38]. In our study, the sample size was larger and the scope 
was wider when screening protease-producing strains. The 
results are more reliable through the combination of plate 
preliminary screening and H/d value secondary screening 
method. Similarly, 16S rDNA gene sequence and phyloge-
netic analysis were also used to identify the strain species.

Improving protease production with ARTP 
mutagenesis

To obtain high protease producing strain, B. amyloliquefa-
ciens FMME ZK001 was treated with ARTP mutagenesis. 

First, the treatment time of ARTP mutagenesis needs to be 
optimized. The optimal mutagenesis time was determined by 
analyzing the positive mutation rate in each period. Positive 
mutants mainly appeared in the mutants that were treated 
with ARTP for 90 s and 120 s, indicating that the treatment 
time was the optimal condition for ARTP mutagenesis in this 
study (Fig. 2a). On this basis, B. amyloliquefaciens FMME 
ZK001 was used as the starting strain for ARTP mutagen-
esis for 90 s and 120 s. For the preliminary screening stage, 
according to protease activity at 24 h, 180 mutants grow-
ing on the screening plate were screened, and 53 mutants 
were obtained, among which 33 strains had higher enzyme 
activity than B. amyloliquefaciens FMME ZK001. The posi-
tive mutation rate was 18.3% (Fig. 2a). For the secondary 

Fig. 2   Preliminary and secondary screening results of the first round 
for mutants with ARTP mutagenesis. a Protease producing mutants 
obtained by preliminary screening after ARTP mutagenesis under dif-
ferent irradiation time. b Protease activity in secondary screening. c 

Glucose consumption in secondary screening. d OD600 in secondary 
screening. The dashed line represents control strain B. amyloliquefa-
ciens FMME ZK001, the asterisk represents optimal mutant
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screening stage, protease activity of all 33 positive mutants 
was higher than that of B. amyloliquefaciens FMME ZK001, 
and the protease activity of 24 positive mutants increased 
greatly (Fig. 2b). The protease activity, glucose consumption 
and OD600 of mutant Z-27 reached 315.0 U/mL, 25.0 g/L and 
4.5, respectively, at 24 h (Fig. 2b, c, d). B. amyloliquefaciens 
FMME ZK001 was mutated by ARTP and a high protease-
producing strain Z-27 was obtained, which was named B. 
amyloliquefaciens FMME ZK002. ARTP mutagenesis has 
been widely used in Aspergillus oryzae [39, 40] and genus 
Bacillus [41] to obtain stable and high-producing strains of 
protease or other products. For example, ARTP mutagen-
esis was employed to treat spores of Aspergillus oryzae 
strain 3.042 for selection of high protease producers with 
an irradiation time of 150 s, the result showed that neutral 
protease was increased by 17.3% [39]. The protease activ-
ity of B. licheniformis TP1 mutated by ARTP was 56.0% 
higher than that of the original strain [41]. In our study, the 
mutant B. amyloliquefaciens FMME ZK002 was obtained 
by mutagenesis through ARTP with an irradiation time of 
90 s. The protease activity of B. amyloliquefaciens FMME 
ZK002 increased from 230 to 315, which was 37.0% higher 
than that of B. amyloliquefaciens FMME ZK001.

Enhancing protease production by 60Co‑γ irradiation

To enhance protease production of B. amyloliquefaciens 
FMME ZK002, 60Co-γ irradiation was used for compound 
mutagenesis. First, the irradiation dose of 60Co-γ irradia-
tion was optimized, and the optimal irradiation dose was 
0.6 kGy. On this basis, B. amyloliquefaciens FMME ZK002 
was used as the starting strain for 60Co-γ irradiation with 
0.6 kGy irradiation dose. At preliminary screening, accord-
ing to protease activity at 24 h, 240 mutants growing on 
the screening plate were screened, and 120 mutants were 
obtained. The protease activity of 50 strains was higher than 
that of B. amyloliquefaciens FMME ZK002, and the positive 
mutation rate was 20.8% (Fig. 3a). At secondary screening, 
all positive mutants were screened in shake flask fermenta-
tion, and 22 positive mutants had higher protease activity. 
Among them, the protease activity of mutant E-6 was the 
most significant increase, and the shake flask level reached 
355.0 U/mL (Fig. 3b). Meanwhile, glucose consumption and 
OD600 reached 29.7 g/L and 5.1, respectively (Fig. 3c, d). 
The protease production of the strain was enhanced after 
60Co-γ irradiation combined mutagenesis, and the optimal 
mutant E-6 was named B. amyloliquefaciens FMME ZK003. 
Previous studies have shown that compound mutagenesis 
combined with 60Co-γ irradiation significantly increases 
protease production levels [27]. The positive mutation rate 
calculated by the above two mutagenesis methods shows 
that the optimization of mutagenesis conditions can improve 

the positive mutation rate. At the same time, fermentation 
in shake flasks can be used to screen high protease-pro-
ducing B. amyloliquefaciens, but the workload is large and 
the efficiency is not high. To further improve the screening 
efficiency and positive mutation rate, it is still necessary to 
establish an efficient screening method [42].

Evaluating protease production of B. 
amyloliquefaciens

To realize the industrial production of protease, we first ana-
lyzed the properties of protease. To evaluate the effect of 
temperature on protease activity and stability, the relative 
activity of protease at different temperatures was measured. 
With the increase of temperature, the relative activity of pro-
tease increased first and then decreased, and 45 ℃ was opti-
mal for protease (Fig. 4a). Furthermore, the relative activity 
of protease decreased with the increase of heat preservation 
time, and protease had good stability at 35–45℃, keeping 
more than 50% residual protease activity after heat preser-
vation for 80 min (Fig. 4b). To evaluate the effect of pH on 
the activity and stability of protease, the relative activity of 
protease at different pH was measured. With the increase 
of pH, the relative protease activity increased first and then 
decreased, and pH 7.5 was the optimal pH for protease 
(Fig. 4c). The relative activity of protease decreased slowly 
with the increase of heat preservation time, and protease 
maintained great stability at pH 7.0–8.0, keeping about 75% 
residual protease activity after heat preservation for 80 min 
(Fig. 4d). These results indicated that the optimal tempera-
ture and pH of protease were 45℃ and pH 7.5, respectively.

To evaluate the protease production capacity of B. 
amyloliquefaciens FMME ZK003, fermentation in shake 
flasks was conducted. During the whole fermentation pro-
cess, protease activity increased rapidly at 0–12 h and slowly 
at 12–72 h. The protease activity reached 456.9 U/mL at 
72 h, which was 68.9% higher than that of the original strain 
B. amyloliquefaciens FMME ZK001 (Fig. 5a). Glucose con-
sumption reached 59.8 g/L, and glucose consumption rate 
reached 0.83 g/L/h, which was 24.6% higher than that of 
B. amyloliquefaciens FMME ZK001 (Fig. 5b). At 0–36 h, 
with the consumption of glucose, OD600 increased continu-
ously, maximum OD600 reaching 6.1 at 36 h, increased by 
16.6%. However, due to nutrient deficiency and accumu-
lation of toxic metabolites, the cell decays and dies, and 
the concentration slowly decreases at 36–72 h (Fig. 5c). In 
addition, protease productivity was increased by 68.9%, 
and the protease production capacity per unit cell increased 
by 44.9%. These results proved that B. amyloliquefaciens 
FMME ZK003 had better protease production ability than B. 
amyloliquefaciens FMME ZK001 through systematic analy-
sis of fermentation data.
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To further verify the protease production capacity of 
strain B. amyloliquefaciens FMME ZK003, it was charac-
terized by transparent circle and color reaction (Fig. 5d). 
On the one hand, since H/d value were positively correlated 
with the protease activity of strain, the protease production 
capacity could be reflected by continuous photographing of 
the changes of the transparent circle. With the prolonging 
of culture time, the protease accumulated continuously, so 
that casein continued to be consumed, and then the trans-
parent circle gradually became larger. On the other hand, 
because the folin reagent can be reduced to blue purple by 
phenolic compounds under alkaline conditions, the protease 
can react with the substrate casein to generate tyrosine, and 
the reaction with the folin reagent shows blue purple, so 

the color depth can reflect the activity of the protease to a 
certain extent. As shown in Fig. 4d, with the prolongation of 
fermentation time, the blue–purple gradually became darker, 
indicating that the accumulation of protease was increased. 
We evaluated the parameters of B. amyloliquefaciens FMME 
ZK003 in different ways and proved that it was superior to 
the original strain B. amyloliquefaciens FMME ZK001. In 
previous studies, fermentation process of Bacillus were ana-
lyzed only by protease activity and substrate consumption 
to evaluate the capacity of protease production [43]. In our 
study, a variety of methods to characterize the capacity of 
protease production were used, such as the detailed param-
eters in fermentation process, transparent circles and folin 

Fig. 3   Preliminary and secondary screening results of second round 
for mutants with 60Co-γ irradiation. a Protease producing mutants 
obtained by preliminary screening after 60Co-γ irradiation. b Protease 
activity in secondary screening. c Glucose consumption in secondary 

screening. d OD600 in secondary screening. The dashed line repre-
sents control strain B. amyloliquefaciens FMME ZK002, the asterisk 
represents optimal mutant
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reagent color reaction methods, which would make our study 
more complete and reliable.

Fermentation optimization of protease production

Fermentation optimization plays an indispensable role in 
improving the production of protease. First, to screen seed 
medium about protease production of B. amyloliquefaciens 
FMME ZK003, H/d value was used. The result showed that 
H/d value of LB medium was significantly higher than that 
of other three media at 24 h, and bacterial growth was also 
significantly better than that of other three media (Fig. 6a). 
Therefore, LB medium was selected as seed medium. Sec-
ond, to screen the optimal fermentation medium suitable for 
protease production, H/d value was still used for screening. 

H/d value of medium B was significantly better than other 
three media at 48–96 h, and medium B was rich in glucose, 
peptone and other substances (Fig. 6a). Thus, medium B 
was selected as fermentation medium. Third, to optimize 
concentration of carbon source in fermentation medium, 
protease activity was selected as the screening criterion. 
The results showed that protease activity increased first and 
then decreased with the increase of primary glucose con-
centration of 60, 70, 80, 90, 100, 110, 120 g/L. When initial 
glucose concentration was 70 g/L, protease activity reached 
496.6 U/mL, which was 8.7% higher than initial condition 
(Fig. 6b). These results indicated that the optimal concen-
tration of glucose was 70 g/L in fermentation medium. To 
optimize concentration of nitrogen source in fermentation 
medium, protease activity was also used as evaluation index. 

Fig. 4   Effect of temperature and pH on protease activity and stability. a Effect of temperature on protease activity. b Effect of temperature on 
protease stability. c Effect of pH on protease activity. d Effect of pH on protease stability
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Fig. 5   Evaluating protease production of B. amyloliquefaciens. a Comparison of protease activity. b Comparison of glucose concentration. c 
Comparison of OD600. d Transparent circle and characteristic color changes during B. amyloliquefaciens FMME ZK003 fermentation
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The results showed that protease activity increased gradu-
ally with the increase of initial nitrogen source concentra-
tion from 40 to 90 g/L. When concentration of peptone was 
90 g/L, protease activity was the highest, reaching 628.9 
U/mL, 37.6% higher than initial condition (Fig. 6c). Thus, 
adding 90 g/L peptone in the fermentation medium was the 
best for protease production. Finally, protease fermentation 
process was further analyzed under the optimal medium con-
ditions. The results showed that with the continuous con-
sumption of glucose, OD600 and protease activity increased 
gradually. At 72 h, OD600 and protease activity reached 11.0 
and 630.7 U/mL, respectively, increased by 79.7 and 38.0% 
compared with initial condition (Fig. 6d). We got the best 
protease production conditions by optimizing the production 
conditions, under which the protease activity was 2.34 times 
that of original strain B. amyloliquefaciens FMME ZK001. 
Most of the previous studies also achieved good results when 
improving protease activity from the aspect of fermentation 
optimization [44, 45]. In that study, soybean meal, mustard 
cake, wheat bran, and incubation time have a profound influ-
ence on protease production by BSK-1, and the optimization 
of these significant variables resulted in 2.12-fold (112.0%) 
enhanced protease yield [44].

Protease production with B. amyloliquefaciens in a 5 
L fermenter

To enhance protease production, B. amyloliquefaciens 
FMME ZK003 was cultured in a 5 L fermenter using the 
optimized culture conditions. As shown in Fig. 7, glucose 
consumption reached 84.5 g/L, and glucose consumption 
rate reached 1.17 g/L/h. OD600 of B. amyloliquefaciens 

Fig. 6   Fermentation optimiza-
tion of protease production. a 
Effect of medium species on 
the production of protease. b 
Effect of glucose concentration 
on the production of protease. 
c Effect of peptone concen-
tration on the production of 
protease. d Protease production 
of B. amyloliquefaciens FMME 
ZK003 in shake flask fermenta-
tion

Fig. 7   Protease production of B. amyloliquefaciens FMME ZK003 in 
a 5 L fermenter
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FMME ZK003 increased gradually when it was cul-
tured on the 5 L fermenter, and stopped increasing after 
it reached the maximum 18.2 at 60 h. During the whole 
fermentation process, protease activity increased gradu-
ally and reached the maximum of 823.0 U/mL at 72 h. 
In conclusion, B. amyloliquefaciens FMME ZK003 can 
produce 823.0 U/mL protease in a 5 L fermenter, which 
was 3.05 times that of original strain B. amyloliquefaciens 
FMME ZK001.

Conclusions

In this study, a protease producing B. amyloliquefaciens 
was obtained from animal feces by plate transparent circle 
method. On this basis, protease production was enhanced 
by combinatorial mutagenesis of ARTP and 60Co-γ irradi-
ation. After 72 h fermentation in a 5 L fermenter, protease 
activity of B. amyloliquefaciens FMME ZK003 reached 
823.0 U/mL. This provides an opportunity for efficient 
production of protease in microbial cell factories, and 
also lays a good foundation for further exploration of the 
mechanism and property of protease production by B. 
amyloliquefaciens.
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