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Soybean meal (SBM) prepared by soybean crush-
ing is the most popular protein source in the poultry
and livestock industries (Cai et al., 2015) due to its
economic manufacture, high protein content, and good
nutritional value. Despite these benefits, SBM con-
tains various antigen proteins such as glycinin and -
conglycinin, which account for approximately 70% of
the total proteins of the SBM and reduce digestibility
and damage intestinal function (Peng et al., 2018). Treat-
ing SBM with proteases (neutrase, alcalase, and trypsin)
or fermentation can eliminate these antigen proteins
(Contesini et al., 2018). Because of its safety and rapid
growth cycle, Bacillus strains are considered ideal
for the fermentation industry (Yao et al., 2021). SBM
fermented by Bacillus yields products with high nutri-
tional value and low levels of antinutritional factors
(ANFs), stimulating research in this area (Yuan et al.,
2017). Kumari et al. (2023) demonstrated that fermen-
tation with Bacillus species effectively degrades antigen
proteins and increases crude protein content. The degra-
dation of antigen proteins relies on protease hydrolysis.
Low protease production is the major obstacle hindering
the widespread use of microbial fermentation techniques.
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Ribosome engineering is an approach that intro-
duces spontaneous mutations into the ribosome during
drug-resistant microorganisms (Wang et al., 2020).
Recent studies have shown that various enzymes in
Bacillus can be significantly enhanced by introducing
such mutations that confer resistance to rifampicin (Rif)
and streptomycin (Str) (Suzuki et al., 2018). In Str-
resistant (Str’) mutants, mutations occur in the rpsL
gene that encodes the ribosomal S12 protein, whereas
in Rif-resistant (Rif") mutants, mutations are found
in the rpoB gene (Zhu et al., 2019). Kurosawa et al.
(2006) demonstrated that introducing mutations con-
ferring antibiotic resistance enhances a-amylase and
protease production in Bacillus subtilis, as measured
by enzyme activity. Similarly, Nie et al. (2021) im-
proved the keratinase synthesis production of Bacillus
thuringiensis by inducing Str resistance.

Protease is primarily produced through microbial
fermentation; however, industrial production and appli-
cation have been limited due to the associated high
cost and low productivity (Song et al., 2023). The
synthesis of protease is strongly influenced by medium
composition, including carbon and nitrogen sources
and metal ion species (Zhou et al., 2023). The medium
components can be optimized using conventional
methods that study one variable at a time while keep-
ing others fixed (Koim-Puchowska et al., 2021), mak-
ing the process tedious and time-consuming. In con-
trast, response surface methodology (RSM) allows
for the simultaneous evaluation of multiple variables
and their interactions, offering a fast and reliable
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approach (Zhang et al., 2020; Homayoonfal et al.,
2024).

In our previous study, Bacillus amyloliquefa-
ciens LX-6 (China Center for Type Culture Collection
(CCTCC), M20211457), a neutral protease producer,
was isolated and identified from soil samples and
the strain’s neutral protease activity was measured at
1390.0 U/mL (Huang et al., 2023). Given this protease
production capability, strain LX-6 shows significant
potential for SBM fermentation, although its current
protease yield is insufficient for industrial production.
In this study, we employed ribosome engineering to
enhance the neutral protease production of strain LX-6
by inducing its Rif resistance. Then, we applied single-
factor optimization experiments and RSM to optimize
the media components, aiming to further enhance the
neutral protease activity in shake flask experiments.
Finally, we selected the Rif" mutant strain with the
highest neutral protease activity for SBM fermenta-
tion and evaluated the degradation of glycinin and
B-conglycinin.

The minimal inhibitory concentration (MIC) of
Rif against B. amyloliquefaciens LX-6 was determined
to be 5 pg/mL. Luria-Bertani (LB) agar plates sup-
plemented with 5 and 10 pg/mL Rif were employed

to isolate the Rif" mutants of B. amyloliquefaciens
LX-6, and a total of 253 spontaneous Rif" mutants
were isolated at 5 pg/mL Rif. Among them (Table 1),
six exhibited larger hydrolysis zones on skim milk
agar plates compared to the parental strain B. amylolig-
uefaciens LX-6, while two mutants showed significant-
ly reduced hydrolysis zones (Table 2). Additionally,
53 spontaneous Rif" mutants were isolated at 10 pg/mL
Rif; however, none displayed increased hydrolysis
zones comparable to the parental strain B. amylolig-
uefaciens LX-6.

Mutations conferring Rif resistance were predomin-
antly identified in the rpoB gene. To further decipher
these mutations, we sequenced the rpoB gene in eight
Rif" mutants exhibiting significant variations in neutral
protease activity compared to the wild-type (WT) strain
LX-6 (Table 2). Among these mutants, Rif" mutant
5r-10, which displayed the highest neutral protease
activity, had a glutamic acid (Glu) to arginine (Arg)
substitution at amino acid position 469. Conversely,
Rif" mutants 5r-14 and 5r-21 exhibited a markedly
reduced neutral protease activity relative to WT LX-6,
attributed to a histidine (His) to Arg alteration at
amino acid position 482 (Table 2). Accordingly, the
Rif" mutant strain 5r-10, characterized by superior

Table 1 Summary of the rifampicin-resistant (Rif") mutants of Bacillus amyloliquefaciens 1. X-6

Concentration of antibiotics used for
selection of mutants (ug/mL)"

Frequency of mutants exhibiting
bigger hydrolysis zone diameters (%)

Biggest hydrolysis zone
diameter (cm)”

5
10

2.37 (6/253)

2.4
0

* The minimal inhibitory concentration (MIC) of Rif for wild-type (WT) strain B. amyloliquefaciens LX-6 was 5 ug/mL. ° The hydrolysis zone

diameter of the WT strain LX-6 was 2.1 cm.

Table 2 Analyses of the neutral protease production and mutation positions in representative rifampicin-resistant (Rif")

mutants

Strain

Average neutral protease

Position of mutation in Position of exchanged

production (U/mL)* rpoB gene amino acid mutation

Wild-type (WT) strain LX-6 1390.0+5.4

Rif" strain Sr-1 1784.3+7.7 A—G (1406) Glu—Arg (469)
Rif" strain 5r-10 1924.5+7.9 A—G (1406) Glu—Arg (469)
Rif" strain 5r-14 847.6+£10.4 A—G (1445) His—Arg (482)
Rif" strain 5r-21 999.0+6.9 A—G (1445) His—Arg (482)
Rif" strain 5r-24 1685.4+4.1 C—T(1397) His—Tyr (466)
Rif" strain 5r-51 1664.6+9.7 C—T (1444) His—Tyr (482)
Rif" strain 51-65 1602.1+8.5 C—T (1444) His—Tyr (482)
Rif" strain 5r-135 1627.1£10.6 C—T (1444) His—Tyr (482)

“ Data are expressed as meantstandard deviation (SD), n=3. Glu: glutamic acid; Arg: arginine; His: histidine; Tyr: tyrosine.



neutral protease production, was selected for further
investigation.

To maximize neutral protease production by the
Rif" mutant strain 51-10, fermentation medium optimi-
zation was conducted by employing a single-factor
approach. Through a systematic evaluation of various
carbon sources, nitrogen sources, and metal ions, lactose,
casein, and CaCl. were identified as optimal compon-
ents for enhancing neutral protease production (Fig. 1).
The optimized fermentation medium was determined
to comprise lactose (40 g/L), casein (40 g/L), CaCl.
(3 g/L), and yeast extract (9.4 g/L). Under these opti-
mized conditions, Rif" mutant 5r-10 achieved the highest
neutral protease activity of (2628.94+9.7) U/mL.

Next, RSM was employed to improve the neutral
protease activity by simultaneously optimizing the con-
centrations of three key nutrients in the growth medium:
casein, lactose, and Ca?'. The central composite de-
sign involved five separate levels of each of these three
factors. The actual values, coded factor levels, and
corresponding results are listed in Table S1. A quadratic
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model of the dependence of the neutral protease produc-
tion yield on these three factors was built by applying
multiple regression analysis to these data. In this model,
the neutral protease activity (Y) could be expressed
as a function of the coded values of lactose (4), casein
(B), and Ca?" (C) using the following equation:

Y=2525.22-134.534-16.72B-31.01 C+12.174B+
245.954C+50.93BC-571.244>-210.77B>-437.68C>.

The adequacy of the quadratic model was as-
sessed using analysis of variance (ANOVA), with the
results presented in Table S2. The P values for both
linear and quadratic terms were significantly below
0.05, indicating strong correlations between neutral
protease activity and the concentrations of lactose,
casein, and Ca?*. Specifically, the interactive term AC
(lactose with Ca?*) was found to be significant, as op-
posed to AB (lactose with casein) and BC (casein with
Ca?*). The coefficient of determination (R?) for the
model was 0.9635, reflecting its high goodness of fit.

(b) .

3000

2000

1000

Neutral enzyme activity (U/mL)

Fig. 1 Effects of different carbon sources (a), nitrogen sources (b), and metal irons (c) on the protease production of
Bacillus amyloliquefaciens 1LX-6. " P<0.05, " P<(0.01. Data are expressed as mean+standard deviation (SD), n=3.
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Furthermore, the coefficient of variation (CV) was
calculated at 6.54%, well below the acceptable thresh-
old of 10.00%, indicating high reliability and consis-
tency between the experimental data and the model
predictions. Thus, the model demonstrated strong
credibility in predicting changes in neutral protease
yields based on varying concentrations of the speci-
fied nutrients.

To visualize the influences of independent vari-
ables on response values, the three-dimensional (3D)
response surface for neutral protease production was
plotted based on the regression model. By maintain-
ing the third variable at its zero level, it was possible
to compare the magnitude of the effects of the other
two variables on the response values. A greater de-
gree of slope curvature in the response surface indi-
cated a stronger effect of the factors on the response
value. The response surface analysis plots revealed
several key insights. In the interaction plot between
lactose content and casein content (Fig. Sla), the de-
gree of curvature for lactose content was greater than
that for casein content, indicating that lactose content
had a more significant effect on the neutral protease
yield than casein content. Similarly, in the interaction
plot between lactose content and Ca** content (Fig. S1b),
the curvature for lactose content was greater than that
for Ca?* content, suggesting a stronger influence of
lactose content on the neutral protease yield. Con-
versely, in the interaction plot between casein con-
tent and Ca*>* content (Fig. Slc), the curvature for Ca?*
content exceeded that of casein content, indicating
that Ca?* content had a more substantial impact on
neutral protease yield.

The response surface analysis predicted that the
maximum production of neutral protease would be
3535.31 U/mL when the concentrations of lactose,
casein and Ca*" were 5.99%, 7.66%, and 0.33%, respec-
tively. To validate this model, neutral protease produc-
tion was carried out under the predicted optimal con-
ditions. The average actual neutral protease activity of
51-10 reached (3466.52+20.20) U/mL. By optimizing the
fermentation medium using RSM, the neutral protease
activity of strain 5r-10 increased by 80.14% compared to
the activity obtained from 5r-10 in the original medium.

We then investigated the morphological charac-
teristics of the WT strain B. amyloliquefaciens 1L.X-6
and the mutant 5r-10 when cultured in LB broth. After
two days of culture at 37 °C, the mutant 5r-10 exhibited

growth comparable to the WT strain LX-6. A scanning
electron microscope was used to examine the morpho-
logical characteristics of strains. The WT strain LX-6
displayed visible flagella (Fig. 2a), whereas the mutant
5r-10 did not form flagella and exhibited a smoother
cell surface (Fig. 2b).

Both the WT strain LX-6 and the mutant 5r-10
were grown in the optimized medium, and neutral
protease activity was assayed every 12 h. As shown in
Fig. 3, the mutant secreted more neutral protease into
the culture medium, with activity peaking at 24 h. The
highest neutral protease activity detected in the culture
broth of the mutant 5r-10 was approximately 45.6%
higher than that of the WT strain LX-6 ((3470.67+
23.17) U/mL vs. (2383.67+10.19) U/mL; P<0.01).

Previous studies have suggested that SBM fermen-
tation with B. amyloliquefaciens LX-6 effectively de-
grades ANF. To further improve the degradation rate
of ANF in SBM, we investigated the effects of the WT
strain LX-6 and the mutant 5r-10 on the degradation
of glycinin and B-conglycinin using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
with the results shown in Fig. 4. During the initial
stage of fermentation with the WT strain LX-6, some
macromolecular antigen proteins began to degrade, as
indicated by the weaker protein bands (33-90 kDa)
of fermented SBM compared to unfermented SBM
(Fig. 4a). In comparison, after 12 h of fermentation by
the mutant strain 5r-10, macromolecular proteins greater
than 20 kDa were almost completely degraded into
smaller molecular products (Fig. 4b). Furthermore,
we assessed the degradation rates of glycinin and f3-
conglycinin. After 12 h of SBM fermentation by the
WT strain LX-6, the degradation rates of glycinin and
B-conglycinin reached 40.20% and 28.33%, respectively
(Fig. 5). After fermentation under the same conditions
by the mutant strain 5r-10, the degradation rates of
glycinin and B-conglycinin were 55.33% and 37.33%,
respectively (Fig. 5). These results showed that the de-
gradation efficiency of ANF in SBM was significantly
improved after fermentation by the mutant 5r-10.

Ribosome engineering technology has been em-
ployed successfully to enhance the production of natural
products by microorganisms, particularly Streptomyces
(Li et al., 2019). However, the application of this
method in Bacillus species remains limited. While
ribosome engineering has been utilized to improve en-
zyme activity in Bacillus, most reports have focused
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Fig. 2 Morphology of the wild-type (WT) strain LX-6 (a) and the rifampicin-resistant (Rif") mutant strain 5r-10 (b) using

a scanning electron microscope.
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Fig. 3 Neutral protease activity curves of wild-type (WT)
strain LX-6 and rifampicin-resistant (Rif") mutant strain
5r-10 in the optimized medium at shake-flask level. " P<
0.01 vs. WT strain LX-6. Data are expressed as mean+
standard deviation (SD), n=3.

on the spectrum of mutations in spontaneous resis-
tance mutants of Bacillus under specific environmental
conditions (Leehan and Nicholson, 2022). To enhance
the neutral protease activity of strain LX-6, we ap-
plied ribosome engineering technology to generate Rif
mutants of LX-6. In conventional ribosome engineer-
ing, various antibiotics such as gentamicin, Str, and

erythromycin are typically used to produce and screen
spontaneous resistant mutant strains; however, these
methods cannot yield significant increases in neutral
protease activity of the WT strain LX-6. In our study,
we screened 253 spontaneous Rif" mutant strains using
Rif at 5 pg/mL, and only six strains showed signifi-
cantly increased enzyme activity compared to the WT
strain LX-6, indicating low efficiency. Undoubtedly,
it is worth considering how to further improve the
efficiency of the positive high-yield neutral protease
of Rif" mutants or how to use a cumulative resistance
screening strategy to further improve the neutral pro-
tease activity of strain LX-6.

The mutation sites of the rpoB gene in the six
Rif" mutant strains with significantly improved enzyme
activity were located at positions H466R, E469R, and
H482Y. These findings are consistent with prior re-
search documenting that the most common amino acid
changes occur in the regions from 465 to 489 in the
rpoB gene of Rif" mutants of Bacillus (Leechan and
Nicholson, 2021). Similar mutations in the 7poB gene
produced comparable effects on neutral protease ac-
tivity; for example, in mutants 5r-1 and 5r-10, as well
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Fig. 4 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analyses of the macromolecular antigen
proteins of soybean meal (SBM) at different fermentation times. Lane M, standard protein molecular weight marker;
Lane 1, unfermented SBM; Lanes 2—6: protein profiling of fermented SBM with WT strain LX-6 (a) and rifampicin-resistant
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Fig. 5 Effects of soybean meal (SBM) fermentation with wild-type (WT) strain LX-6 and rifampicin-resistant (Rif")
mutant strain Sr-10 on the degradation of glycinin (a) and B-conglycinin (b). Data are expressed as meantstandard

deviation (SD), n=3.

as in mutants 5r-51, 5r-65, and 5r-135. Additionally,
mutants 5r-14 and 5r-21, both harboring the H482R
mutation, exhibited decreased neutral protease activity.
Also, different mutations in the same codon of the rpoB
gene can result in opposite effects on neutral protease
activity. For instance, Rif" mutants 5r-14 and 5r-21,
which exhibited decreased activity, had the H482R
mutation (CAC-to-CGC), while mutants 5r-51, 5r-65, and
5r-135, which exhibited higher activity than that of WT
strain LX-6, had the H482Y mutation (CAC-to-TAC).
Subsequently, medium optimization for mutant
5r-10, which showed the highest increase in neutral
protease activity among the six Rif" mutants, was per-
formed using the Box-Behnken design via RSM. The
neutral protease activity of strain 5r-10 in the optimized
medium was 1.49-fold of that of the WT strain LX-6
in the original medium. Interestingly, the optimized
medium also benefited the WT strain LX-6, increasing

its neutral protease activity from (1390.0+5.4) U/mL
to (2383.67+10.19) U/mL during the shake-flask ex-
periments. This suggested that the introduction of the
mutation into the rpoB gene did not significantly alter
the nutritional requirements and metabolism of the
strains, as both LX-6 and 5r-10 showed improved neu-
tral protease activity in the optimized medium. Finally,
the mutant 5r-10 was applied to the fermentation of
SBM. Compared to fermentation with the WT strain
LX-6, the degradation of macromolecular antigen pro-
teins was accelerated, particularly for glycinin and -
conglycinin, due to the high neutral protease activity
of mutant 5r-10. Nonetheless, the neutral protease
activity of 5r-10 was still lower than that of reported
industrial strains used in SBM fermentation (Xie et al.,
2022). Future efforts will focus on optimizing fermen-
tation conditions and processes and developing a fed-
batch fermentation model to further improve the neutral



protease activity of mutant 5r-10. Moreover, molec-
ular breeding strategies will be considered. We plan to
clone the npr gene encoding neutral protease and
overexpress it in the 5r-10 strain to construct an engin-
eered strain with superior neutral protease produc-
tion capabilities. To this end, follow-up studies are in
progress.

Overall, the significance of this work lies in the
isolation of the Rif" mutant 5r-10 strain, which was
found to exhibit higher neutral protease activity through
a combination of ribosome engineering technology
and medium optimization, showing greater potential
for use in SBM fermentation compared to the WT
strain LX-6.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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