
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Xie et al. Microbial Cell Factories          (2023) 22:163 
https://doi.org/10.1186/s12934-023-02177-0

with resistance to high temperature and alkalinity (“four-
high”) have become the focus of recent research [3, 4].

The genus Bacillus is home to many efficient alkaline 
protease producers [5], with B. subtilis emerging as an 
attractive host for expression due to its desirable prop-
erties [6]. Several studies have shown that the regulation 
of alkaline protease (AprE) in B. subtilis 168 primarily 
occurs at transcriptional level by various activators and 
repressors directly, such as DegU ~ Pi, SinR, ScoC (also 
known as Hpr), AbrB, among others [7–10]. In addi-
tion, it was indirectly regulated by the other proteins, 
including Spo0A ~ Pi, AbbA (an inhibitor of AbrB), phos-
phorylated SalA and TnrA, DegQ (an activator of DegU 
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phosphorylation), DegR (a protector of DegU ~ Pi), RapG 
(an inhibitor of DegU ~ Pi), as well as by factors that con-
trol the activities of the indirect regulators, such as the 
phosphor-relay components, the kinase for SalA, gluta-
mine synthetase (an inhibitor of TnrA), and PhG [11–16].

The DegSU system of B. subtilis comprises two compo-
nents, the membrane-associated histidine kinase, DegS, 
and the cytoplasmic response regulator, DegU [17–20]. 
The former detects the signal or stress, while the latter 
controls cellular response including genetic competence 
[17], activation and inhibition of motility [21], activation 
and inhibition of biofilm formation, etc. [22, 23]. DegU 
was the crucial transcriptional activator of aprE, and its 
deficiency or hyper-secretion type leads to deficient or 
excess production of degradative enzymes [24]. The clas-
sical mutation type, sacU32(Hy)with a H12L mutation in 
DegU was applied to promote several secreted enzyme 
biosynthesis [25–28]. In 2004, key residues for DegU 
binding to aprE promoter was probed by alanine-scan-
ning analysis [29].

As a tool for modifying microbial metabolic path-
ways, transcription factors have the unique advantage 
of “multi-point regulation,“ which compensates for the 
insufficient effect of a single gene modification in meta-
bolic engineering operations [30]. Global transcription 
machinery engineering (gTME) is a method for modify-
ing transcription factors related to metabolic pathways, 
triggering gene network and cellular metabolic network 
reprogramming, altering transcriptional efficiency, and 
resulting in overall change of gene expression at the tran-
scriptional level [31, 32]. gTME has attracted significant 
attention in recent years due to its efficient application 
in altering gene transcription to obtain beneficial cellular 
phenotypes [33, 34].

B. pumilus is considered an excellent cell factory [3, 
35]. B. pumilus BA06 was isolated from daily waste in our 
laboratory and it produced an extracellular alkaline pro-
tease with dehairing function during leather processing 
[36], which is encoded by an ortholog gene of the aprE 

gene in B. subtilis and accounts for over 70% extracel-
lular alkaline protease activity in B. pumilus [37]. How-
ever, knowledge of transcriptional regulation of aprE 
in B. pumilus was in its infant stage [38]. Therefore, we 
adopted a multi-step metabolic engineering strategy to 
overcome potential bottlenecks associated with AprE 
production (Fig. 1).

In this study, we aimed to enhance AprE production 
in B. pumilus by simultaneously engineering the positive 
transcription factor DegU and disrupting the negative 
transcription factor, Hpr. Fed-batch fermentation of the 
resulting high-yielding strain demonstrated both the fea-
sibility and effectiveness of such engineering strategy and 
the potential application of factor DegU(L113F).

Results
Effect of transition factors on AprE biosynthesis
B. pumilus BA06 contains a homolog gene of aprE of 
B. subtilis 168 [39], whose product has unique catalytic 
properties and potential use in the leather processing 
industry [39, 40]. The aprE of B. subtilis has been illus-
trated to be extensively regulated by several regulators 
(Fig.  2A) [41]. To determine if the regulatory functions 
of these regulators on aprE in B. pumilus were similar 
with those in B. subtilis, we disrupted the genes encod-
ing SinR, Hpr, AbrB, DegS, and DegU in the strains of B. 
pumilus SCU11 or BA06.

For these strains, growth and extracellular alkaline 
protease activity were initially determined in LB broth 
(Fig.  2, Additional file 1: Fig. S1). At the early stage 
(within 12  h) of growth, there were no significant dif-
ferences in cell growth among different strains, except 
for the degS/U mutant. However, discrepancies in the 
later stages became evident (Fig.  2B). At the time point 
of 36  h, the optical densities of the culture for strains 
BA06, SCU11, ∆sinR, ∆hpr, ∆abrB/∆upp, ∆degS, and 
∆degSU were 6.2, 5.0, 4.2, 3.5, 2.2, 4.8, and 4.6, respec-
tively. Meanwhile, extracellular protease activity was 71.6 
U/mL, 342.4 U/mL, 400.0 U/mL, 615.8 U/mL, 817.6 U/
mL, 0.05 U/mL, and 4.7 U/mL, separately. Disruption of 

Fig. 1 Schematic diagram of the whole process for elevating the extracellular protease activity in B. pumilus
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degSU or degS led to a serious reduction of extracellular 
protease synthesis (Fig.  2C, Additional file 1: Fig. S1), 
implying that protease expression required DegU and its 
phosphorylation. SinR, Hpr, and AbrB exhibited a nega-
tive regulation on the protease expression, since their 
deletion mutants produced higher protease activity than 
the parent strains (Fig.  2C). However, deletion of abrB 
gene had the most significant contribution to enhance 
the extracellular protease synthesis, followed by hpr and 
sinR. In conclusion, these transcription regulators influ-
ence both growth and extracellular protease synthesis.

Screening for hyper-active DegU mutants 
onaprEexpression.

We attempted to engineer hyperactive variants of 
DegU to boost AprE expression, as it has a significant 
impact on extracellular protease activity in B. pumilus. 
For this purpose, two degU mutation libraries were con-
structed using error-prone PCR in E. coli. DNA sequenc-
ing revealed that the nucleotide mutation frequencies 
in the mutagenesis pools were 6.08 bases/kb and 6.89 
bases/kb, respectively. The mutation rates of transitions 
and transversions were similar. Figure 3 A shows the dis-
tribution of modified amino acid residues within DegU. 
Totally, more than 115,000 individual transformants were 
obtained.

We selected B. subtilis FDAARGOS 606 (referred to 
as B. subtilis 606 later) as the host strain for hyperactive 
DegU screening due to the poor transformability of the 
B. pumilus ∆degSU mutant. To eliminate the influence 
of endogenous DegSU in the host strain, we used the 
CRISPR/Cas9 method to inactivate the degSU operon via 
in-frame deletion. The resulting strain showed reduced 
extracellular protease activity (Additional file 1: Fig. S2), 
indicating successful inactivation of degSU. Therefore, 
we designed a fluorescent reporter system to screen the 
degU mutation library in B. subtilis 606. We firstly tested 
whether the aprE promoter was functional and driven 
by the DegSU of B. pumilus BA06 in B. subtilis 606. We 

introduced the plasmid pSU03-PaprE-gfp, which con-
tains the reporter gene driven by the native aprE pro-
moter of B. pumilus, into B. subtilis 606 wild type and its 
∆degSU mutant. As expected, the reporter gene gfp was 
expressed only in the wild-type strain of B. subtilis 606, 
but not in the ∆degSU mutant (Fig. 3B). Furthermore, the 
expression of the reporter was restored in B. subtilis 606 
ΔdegSU when the B. pumilus degSU were introduced into 
the plasmid pSU03-PaprE-gfp (Fig.  3B). We concluded 
that foreign DegSU could drive gfp expression controlled 
by the aprE promoter in B. subtilis 606 ∆degSU.

The degU mutation libraries were transformed into 
B. subtilis 606 ∆degSU and more than 57,500 transfor-
mants were primarily examined by observing their fluo-
rescent intensity on agar plates under UV irradiation. 
Subsequently, 67 clones with significantly improved fluo-
rescence intensity were picked up and used to be further 
screened by quantitative fluorescence analysis through 
broth fermentation in 96-well plates. The selected clones 
exhibited a significantly increased fluorescent intensity of 
2.5 to 35.2-fold compared to the control (the wild-type 
DegU). The fluorescence intensity of the best performing 
10 clones was plotted against incubation time in Fig. 3C.

The recombinant plasmids were extracted from the 11 
corresponding clones, including the control, and sub-
jected to DNA sequencing. As summarized in Table  1, 
the mutation sites of 10 clones were identified. However, 
clones #49, #51, and #57 had identical mutation sites and 
were recognized as the same one. The H12L mutation 
type, previously reported to activate the exo-degreases in 
B. subtilis, was also detected in our DegU mutants 19B 
and 54  A [28]. Subsequently, eight DegU mutants with 
unique mutation sites were transformed back into B. 
subtilis 606 ∆degSU for further verification. These trans-
formants exhibited a significantly higher fluorescence 
intensity than the control (Fig. 3D).

Construction of protease overproducer inB. pumilus.

Fig. 2 Effects of several global transcription factors on growth and extracellular alkaline protease synthesis in B. pumilus.(A) The transcriptional network 
of aprE of B. subtilis 168 (retrieved from the subtiwiki database) [41]. (B) Cell growth waterfall diagram of different B. pumilus strains in LB medium (37 °C, 
200 rpm, aerobically). (C) The extracellular alkaline protease activity of different B. pumilus strains across time. The tested bacterial strains comprise of 
Group 1 (including I, BA06 ΔdegSU; II, BA06 ΔdegS; III, BA06) and Group 2 (including IV, SCU11; V, SCU11 ΔsinR; VI, SCU11 Δhpr; VII, SCU11 ΔabrB/Δupp). All 
data were obtained from three independent experiments
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A “push and pull” strategy was designed based on the 
regulation network of aprE to develop a protease over-
producer in B. pumilus. This involved weakening negative 
regulation and elevating positive regulation simultane-
ously. The DegU(L113F) mutant was chosen to replace 

the native DegU in B. pumilus based on its simple muta-
tion type and convenience of interpreting experimental 
results. The B. pumilus SCU11 ∆hpr mutant was chosen 
as the starting strain for further engineering due to the 
Δupp/ΔabrB mutant resisted transformation opera-
tions which has the similar situation for degS/U deficient 
strains.

To integrate the mutation sequence encoding 
DegU(L113F) into the native degU locus in B. pumilus 
SCU11 ∆hpr, we used CRSPR/Cas9 genome editing. The 
resulting strain was assigned as 62  A and confirmed by 
PCR and DNA sequencing. Several phenotypes of 62  A 
were initially characterized. It was noticed that milk-
hydrolytic halo on a 1% milk plate (Additional file 1: Fig. 
S4A), colony morphology (Additional file 1: S4B), cell 
mobility (Additional file 1: Fig. S4C), and flagella staining 
(Additional file 1: Fig. S4D, E) were altered in comparison 
with its parental strain, SCU11 ∆hpr.

We then performed fermentation experiments 
using laboratory and industrial medium to examine 

Table 1 Summary of selected DegU variants (Hy) with mutation 
sites
Name Mutation sites RFU 

(36 h)
1 A E46D/D111V/P162L/V219E 15.23

19B H12L/D87V/N90S/K118N/T144S/L177I/V201A 9.84

49 A/51A/57A I8Y/T28S/G38R/Q77K/I165F 33.55b

54 A H12L /V19A/E115K/V210A 11.86

62 A L113F 11.28

63 A Q13P/A121G/Q175H 18.91

66 A N58Y/Q70L 9.56

67 A A41T/S145C 12.62

Control / 1.00a

a the mean value of RFU readings of strains 49 A, 51 A, and 57 A, b Control was 
the recombinant plasmid hosting the wild-type degU, as shown in Fig. S3 VI.

Fig. 3 Screening of positive degU mutants in B. subtilis. (A) The mutation distribution across the DegU protein in two degU mutation libraries (lib v and 
lib vi). (B) Evaluation of B. pumilus degSU to drive gfp expression in B. subtilis. (C) The gfp expression of 10 selected transformants with highest RFU values 
over the time. (D) Illustration of nine recombined plasmids (excluding duplicates) extracted from the strains (subgraph C) and backcrossed to the “pure” 
chassis (B. subtilis ΔdegSU). BF denotes the bright field scope, and UV denotes the ultra-violet scope. Control refers to the plasmid with the wild-type degU. 
All photos were taken under the exact same imaging conditions
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the protease biosynthesis of the four strains: SCU11, 
SCU11∆hpr, SCU11∆hpr/ΔdegU, and 62  A in the 
shake flasks. In LB-based broth, the cell density of 62 A 
declined more than the other strains (Fig.  4A), and the 
extracellular protease activity increased rapidly within 
36  h for all bacterial strains. After 36  h, the proteolytic 
activity of SCU11 decreased, which was significantly dif-
ferent from SCU11 ∆hpr and 62 A. The maximum extra-
cellular protease titer of 62 A approached 812.5 ± 15.9 U/
mL at 60  h, which was 3.3-times and 1.0-times higher 
than peak values of SCU11 and SCU11 ∆hpr, respectively 
(Fig.  4C). The cell growth of these strains was almost 
consistent in the fermentation medium (Fig. 4B), but the 
proteolytic activity was further improved compared to 
that in LB medium for all tested strains. The strain 62 A 

achieved a maximum protease activity of 1926 U/mL at 
60 h (Fig. 4D).

Transcriptome analysis of high-yield strain 62 A
To evaluate the metabolic perturbations introduced by 
the engineered transcription factor DegU(L113F), we 
conducted a comparative transcriptome analysis of three 
strains of SCU11 Δhpr, SCU11 Δhpr/ΔdegU, and 62  A, 
which were cultivated in LB medium supplemented 
with 0.2% gelatin. We identified 1073 and 1126 differen-
tially expressed genes (DEGs) in 62 A and SCU11 Δhpr, 
respectively, at the 24-hour time point relative to the con-
trol strain (SCU11 Δhpr/ΔdegU) (Additional file 2: Table 
S1, Table S2). Among the regulated genes, 862 DEGs 
were commonly regulated by both the native DegU and 

Fig. 4 Growth and alkaline protease production of four B. pumilus strains. (A) The growth curves of four bacterial strains in LB (+ 0.2% gelatin) medium 
(37 °C, 200 rpm, aerobically). (B) The growth curves of four bacterial strains in fermentation medium (37 °C, 200 rpm, aerobically). (C) The extracellular 
alkaline protease activity of four strains in LB (+ 0.2% gelatin) medium (37 °C, 200 rpm, aerobically). (D) The extracellular alkaline protease activity of four 
bacterial strains in the fermentation medium (37 °C, 200 rpm, aerobically). The data were applied to student t-test with p < 0.05 (*), 0.01 (**) and 0.001 (***) 
compared with SCU11 at the same time points
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its mutant DegU(L113F), sharing almost 65% of the all 
regulated genes. The gene ontology enrichment analysis 
of these specific DEGs demonstrated that DegU(L113F) 
gained several additional targets (211 genes), which 
were highly conserved in the metabolism of purine com-
pounds, while losing some cellular functions related to 
cell morphogenesis (Fig. 5) (Additional file 2: Table S3).

Given that B. pumilus produces several commercially 
important extracellular proteases, we examined the 
expression levels of the eight main extracellular prote-
ase genes (Table 2). Interestingly, all eight protease genes 
were almost down-regulated in SCU11 Δhpr/ΔdegU, 
highlighting DegU’s global regulation role in extracel-
lular degradative enzymes [42, 43]. AprE was the most 
abundant extracellular protease in terms of transcription 
levels, which was in agreement with previous studies that 
AprE accounts for more than 70% of extracellular pro-
tease activity in B. pumilus [37]. Notably, the transcrip-
tion level of aprE in 62  A was significantly higher than 
that in the Δhpr mutant (log2FC = 1.06, p-value = 0.007) 
at the 24-hour time point. Furthermore, aprE expres-
sion was highly maintained in strain 62 A at the 36-hour 
time point compared to SCU11 Δhpr. However, the 
genes encoding other proteases did not show signifi-
cant changes in transcription in strain 62 A compared to 
SCU11 Δhpr.

Structural modelling and molecular dynamics simulation 
of DegUs
The amino acid sequence of the native DegU in B. pumi-
lus BA06 underwent analysis by submitting it to NCBI, 
revealing that the organization of DegU comprised an 
N-terminal REC domain and a C-terminal DNA-binding 
domain (DBD) with a typical helix-turn-helix (HTH) 
structure [44]. We performed molecular dynamic simula-
tions to evaluate the molecular behaviors of DegU(WT) 
and DegU(L113F). The Gibbs energy landscape of pro-
teins (Fig. 6A) showed that DegU(L13F) obtained a con-
centrated optimal conformation compared to native 
DegU during the simulation, suggesting that the pro-
tein DegU(L113F) had a faster route of global energy 
minimization (fast folding). On the other hand, the 
DegU(L113F) mutant had a smaller gyrate radius than 
its cognate protein (0.34 nm for mutant versus 0.99 nm 
for DegU), indicating a more compact protein structure 
(less exposure). Figure  6  C showed the Ramachandran 
plot of DegU(WT) and DegU(L113F), respectively, which 
demonstrated the rationality of the models. Overlaying 
the corresponding optimal configurations of DegU(WT) 
with DegU(L113F), it was observed that the region adja-
cent to position L113 was not significantly altered while 
the tail of DegU(L113F) rotated almost 90 ° toward the 
dimer interface (Fig. 6B). These results indicated that the 

Fig. 5 Veen diagram and GO enrichment of DEGs in ∆hpr mutants and high-yielding strains at the time point of 24 h. The two gene sets above were the 
differentially expressed genes obtained from the mutant ∆hpr and the strain 62 A related to the double knockout strain, respectively
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L113F mutation could influence the overall structure of 
DegU through long-range effects [45]. Furthermore, the 
DegU(L113F) dimer possessed more hydrogen bonds 
and hydrophobic effects than DegU(WT) (Additional file 
1: Fig. S5).

Our preliminary research revealed that the recom-
binant DegU protein can be bound to a specific core 
sequence, roughly 50 nucleotides, within the aprE pro-
moter (data not shown), which was used to be docked 
to the dimer of DegU and its mutant (L113F). It was 
shown that the DegU dimer formed a “clamp-like” struc-
ture that ‘rides’ on the DNA double helix, and the HTH 
domain attached to the DNA major groove simultane-
ously (Fig.  6D). Furthermore, the DegU(L113F) dimer 
collapsed toward the interface of protein-DNA complex. 
Although there was a dramatic general structural altera-
tion existed between DegU and its mutant, the criti-
cal four α-helixes (α7 ~ α10) in the HTH domain of chain 
A during DNA recognition did not varied (Fig.  6E, F) 
[44]. Residues R169, K195, T196, N199, H200, N203, 
and Q206 of chain A were shared residues within α7, α9 
of DegU and DegU(L113F). The importance of residues 
R169, T196, and H200 was previously validated [19, 29]. 
The positively charged K195 residue from the α9 helix 
was located in the positive patch and interact with the 
DNA bases in the major groove of dsDNA in the com-
plex. The neutral hydrophilic residues N199, N203, and 
Q206 at the periphery of the positive patch of the α9 helix 
also seems to function as a DNA base binder. More resi-
due information can be obtained in Additional file 1: Fig. 
S6.

Discussion
Shimane and Ogura (2004) used alanine scanning muta-
genesis to analyze the DegU helix-turn-helix region 
in the DNA-binding domain to identify 27 variants, of 
which five mutants (N183, I192, T196, H200, and L205) 
exhibited reduced DNA binding activity and severe 
reductions in the expression of the aprE and comK genes 
[29]. In addition, several DegU variants of H12L, T98I, 
E107K, and V131L were identified as hyper-secretion 
DegU mutants [17, 19, 20, 24, 28]. The aforementioned 
molecular docking results revealed that T98, T196, H200, 
and L205 were critical residues at the factor-ligand inter-
face, while N183 and I192 were proximal to these key 
residues. H12 was critical for dimerization, whereas 
E107 and V131 were not located on protein surfaces or 
at the factor-ligand interface (Additional file 1: Fig. S6). 
It should be noted that L113 was involved in mediating 
the hydrophobic effect between the subunits of the DegU 
dimer. The L113F alteration produced spatial resistance 
introduced by the benzene ring can trigger the rearrange-
ment of DegU protein and hence may change its regula-
tion behaviors. Furthermore, the intrinsic properties (fast Ta

bl
e 

2 
Re

la
tiv

e 
ex

pr
es

si
on

 le
ve

l (
RP

KM
) o

f e
ig

ht
 p

ro
te

as
e 

an
d 

fo
ur

 re
gu

la
to

r g
en

es
 o

f t
he

 th
re

e 
st

ra
in

s 
ac

ro
ss

 th
re

e 
tim

e 
po

in
ts

G
en

e 
N

am
e

G
en

e_
ID

Le
ng

th
 (b

p)
Pr

ot
ei

n
∆h

pr
St

ra
in

 6
2 

A
∆h

pr
 ∆

de
gU

12
 h

24
 h

36
 h

12
 h

24
 h

36
 h

12
 h

24
 h

36
 h

w
pr

RS
01

29
5

26
67

Ce
ll 

w
al

l-a
ss

oc
ia

te
d 

pr
ot

ea
se

14
17

42
3

37
3

20
03

87
7a

46
9

10
03

51
0

21

ep
r

RS
01

36
0

16
32

M
in

or
 e

xt
ra

ce
llu

la
r p

ro
te

as
e

56
28

15
57

42
16

52
48

11

ap
rE

RS
04

96
0

11
46

Su
bt

ili
si

n 
E 

(A
pr

E)
14

42
47

,4
86

13
,8

50
48

03
a

10
0,

19
0a

73
,7

27
a

15
0

12
85

18
96

isp
RS

06
21

5
96

0
M

aj
or

 in
tr

ac
el

lu
la

r p
ro

te
as

e
15

7
12

,6
88

19
43

88
9

15
,4

56
27

88
85

13
39

14
44

bp
r

RS
07

25
5

43
20

Ba
ci

llo
pe

pt
id

as
e 

F
11

3
11

77
21

1
29

3
14

36
24

3
12

10
0

51

ap
rX

RS
08

22
5

13
26

Se
rin

e 
pr

ot
ea

se
 A

pr
X

3
15

1
34

,2
03

5
36

8a
11

,1
40

3
18

66
66

ap
rN

RS
10

53
5

11
31

Su
bt

ili
si

n 
N

AT
36

19
13

45
23

9
11

14
20

vp
r

RS
17

69
5

24
24

M
in

or
 e

xt
ra

ce
llu

la
r p

ro
te

as
e

31
80

14
65

86
0

28
06

88
2

41
8

47
2

77
7

28
4

de
gS

RS
16

46
5

11
76

Se
ns

or
 h

is
tid

in
e 

ki
na

se
78

78
35

92
95

14
3

58
54

21

de
gU

RS
16

46
0

69
0

Tw
o-

co
m

po
ne

nt
 s

ys
te

m
 re

gu
la

to
r

61
3

79
0

23
0

81
7

11
12

11
81

0
0

0

sin
R

RS
15

94
0

47
1

A
nt

i-r
ep

re
ss

or
 S

in
I

49
29

20
23

39
18

18
48

23

ab
rB

RS
00

08
0

29
1

A
br

B 
fa

m
ily

 D
N

A
-b

in
di

ng
 p

ro
te

in
14

96
15

3
15

8
15

25
26

3
54

7
37

23
57

8
81

a  in
di

ca
tin

g 
th

e 
si

gn
ifi

ca
nt

 fo
ld

-c
ha

ng
e 

w
ith

 |l
og

2F
C|

 >
 1

.0
0 

an
d 

p 
< 

0.
05

 (c
om

pa
re

d 
w

ith
 ∆

hp
r m

ut
an

t)



Page 8 of 14Xie et al. Microbial Cell Factories          (2023) 22:163 

folding and less exposure) of DegU(L113F) may decrease 
the chance of proteolysis by the ClpCP degradation sys-
tem (DegU was rapidly degraded in B. subtilis wild type 
via ClpCP-Spx system) and lead to higher DegU-Pi levels 
[13, 46].

In general, from the distribution of mutation sites 
across the DegU sequence, the reported down-regulation 
mutations were commonly found in the DNA-binding 
domain (except for D54, which was the phosphorylation 
site), while up-regulation mutations are dispersed and 
varied (Additional file 1: Fig. S6). In this study, the fact 
that these identified hyper-active DegU candidates that 
affect DegU’s activity were disorganized throughout the 
DegU sequence seemed to obey the above rule (Addi-
tional file 1: Fig. S6).

In conclusion, despite the high conservation of DegU 
sequences in the Bacillus genus (Additional file 1: Fig. 
S7), DegU’s structure also exhibited a high degree of plas-
ticity, thereby providing a foundation for utilizing DegU 
as a potential target for genetic modifications for multi-
ple environments (gTME) and vice versa.

DegU was a global regulatory system that affects the 
expression of over 100 genes in B. subtilis, all of which 
were involved in various metabolic pathways with diverse 
functions [47–51]. The multiple functions of DegU as a 
regulator were also demonstrated in the recent study 
on the lichenysin biosynthesis regulation network in 
B. licheniformis [52]. In the case of B. pumilus, our data 
show that deletion or mutation of DegU led to changes 
in transcriptional levels of more than 1,000 genes 

Fig. 6 The molecular dynamic simulation of DegU(WT), DegU(L113F) and docking on aprE promoter. (A) The Gibbs energy landscape of DegU(WT) and 
DegU(L113F). A lower Gibbs energy reflects a more stable configuration state, and the global optimal configuration of each protein was highlighted by 
a white arrow. RMSD means root mean square deviation. (B) Overlay of protein structures of DegU(WT) and DegU(L113F) and the details around the 
phosphate pocket. (C) Ramachandran plot of DegU(WT) and DegU(L113F), where ø and ψ were the two dihedral angles formed by the Cα atoms of the 
main chain. Each dot represented one residue of proteins. The red dots represented residues possessed an undesirable dihedral conformation. The plot 
was generated by PyRAMA software. (D) DNA binding by DegU(WT) and DegU(L113F). The pictures were obtained from the top-down view of the DNA 
spindle. (E) Interactions of the R169, K195, T196, N199, H200, N203 and Q206 residues (purple sticks) with dsDNA (orange lines and base rings) in the 
model of a complex between the DegU(WT) dimer (green and cyan transparent ribbons) and dsDNA. (F) Interactions of the R169, K195, T196, N199, H200, 
N203 and Q206 residues (purple sticks) with dsDNA (orange lines and base rings) in the model of a complex between the DegU(L113F) dimer (green and 
cyan transparent ribbons) and dsDNA. The structures were aligned and plotted using PyMol software
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(Additional file 2 Table S1 and Table S2), suggesting that 
it may also play such multiple regulatory roles in this 
species.

Analysis of gene expression data shows that the tran-
scription of the DegU gene was roughly correlated with 
that of the AprE gene across three sampling points. How-
ever, at the time points of 12 and 24 h, the fluctuation in 
DegU gene transcription levels between strain 62 A and 
the ∆hpr mutant was less than 40%, while AprE tran-
scription levels in strain 62  A were 3.28-fold and 2.08-
fold higher than those in the ∆hpr mutant, respectively. 
At 36 h, the fact that transcription levels of aprE decrease 
dramatically in the ∆hpr mutant but not in strain 62  A 
(Table 2) suggested that the DegU mutant inspired posi-
tive autoregulation loop of DegU synthesis (Fig. 2A), and 
therefore improved aprE transcription even in the later 
cell phase, as previously observed in B. subtilis [25]. In 
support of this, the phosphorylated form of DegU has 
been shown to act as a direct activator of the pgs operon 
in B. subtilis [53, 54]. Similarly, the transcriptome data 
in this investigation showed that poly-gamma-glutamate 
synthases (pgsB and pgsC) were significantly up-regulated 
(log2Fold Change = 2.86, 2.47; 2.139, 1.827, 12 and 24  h, 
respectively) compared to the ∆hpr mutant (see Addi-
tional file 2: Table S4, 5), indicating that DegU(L113F) 
had a stronger ability to activate the transcription of cer-
tain target genes.

In addition to regulating expected extracellular prote-
ase, our data also showed that the DegU mutant exhibits 
multi-pathway regulation properties (see Additional file 
2: Table S4 ~ 9) and this effect manifested itself in disables 
in regulating multicellular behaviors [55–57]. One of the 
characteristics that represent these multicellular behav-
iors was bacterial motility. The strain 62  A supported 
swimming motility but abolished swarming motility 
(Additional file 1: Fig. S4C), while DegU32(Hy) muta-
tion in B. subtilis causes a complete loss of both motil-
ity [21, 58]. DegU(L113F) in SCU11 displayed a unique 
function that differs from both DegU(WT) in SCU11 and 
DegU32(hy) in B. subtilis. Previous research has shown 
that swarming motility was dependent on the expression 
of the exoprotease, Epr (low DegU-Pi) [59]. Furthermore, 
using transposon mutagenesis, combined with high-
throughput sequencing, Sandra Sanchez et al. (2022) 
identified genes that were essential for swarming motil-
ity in B. subtilis, clustered into two classes, called “swr” 
and “fla” and showed that the flagellar biosynthesis was 
defective and swarming motility was lost, while swim-
ming motility remained unaffected [60, 61]. The tran-
scriptome data presented in Table 2 have indicated that 
the DegU mutation (L113F) did not affect the expression 
of epr in B. pumilus. KEGG analysis of genes in strain 
62  A (related to ∆hpr mutant, 12  h, Additional file 2: 
Table S10) indicated that flagellar assembly proteins and 

genes related to bacterial chemotaxis-related genes were 
highly enriched. These genes converged to the ‘fla’ class 
and correlated with swarming activity (Additional file 
1: S8Fig. , 9). Due to the difficulty in counting the exact 
number of flagella per cell in flagella-staining, bacteria 
with distinct flagella (more than 3 flagella per cell) were 
counted. However, the flagella-staining results showed 
that the ratios of cell with flagella between ∆hpr mutant 
and strain 62 A remained unchanged (Fig. S4E). But the 
average number of flagella per cells in strain 62  A were 
below than that of the ∆hpr mutant based on visual 
inspection (Additional file 1: Fig. S4D). Besides, former 
study had shown that the disruption of the hpr gene 
reduces cell motility as it reduced flagella formation [62] 
and so caused the flagellar number in strain 62 A (∆hpr 
genetic background) below a certain threshold needed 
for swarming motility which was observed in B. subtilis 
[63]. Recently, it has been demonstrated that very low 
concentrations of DegU-Pi activate swarming motil-
ity, whereas high concentrations of DegU-Pi completely 
abolish it [64]. It was speculated that the genes related 
to up-regulated motility (12  h) mentioned above were 
owing to the initial high levels of unphosphorylated 
DegU(L113F) synthesis (active fla-che operon transcrip-
tion needed the unphosphorylated DegU) during the 
early log phase (before 12  h) and inhibited rapidly by 
higher levels of phosphorylated DegU(L113F) levels later 
(at 24 h, as synthesis of AprE began and active aprE tran-
scription depended on high concentrations of phosphor-
ylated DegU) (Fig. 4C).

To sum up, compared with native DegU, DegU(L113F) 
mutant accumulated rapidly by resisting degradation and 
increasing positive regulation of synthesis and, as a con-
sequence, enhanced regulation of certain genes, such as 
aprE, pgsB and pgsC et al., on the one hand; reduced reg-
ulation of some genes such as fla-che operon and so on.

Additionally, the classic gTME approach has two limi-
tations: firstly, the screening and selection was performed 
in the wild-type background and mutant proteins with 
good performances may be discarded while in competi-
tion with the wild-type version of protein; secondly, the 
transformation efficiency limits the application of the 
method when applied to undomesticated nature micro-
organisms with lower genetic manipulation capability. 
Our work offers a new path for solving both of these 
problems.

Conclusions
In this study, we explored the utilization of gTME con-
cerning the global transcription factor, DegU, in B. 
pumilus for alkaline proteases production.We increased 
alkaline protease activity by 80% by disrupting hpr in B. 
pumilus SCU11, and further increased by an additional 
50% by integrated with DegU(L113F). Our findings have 
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important implications for the industrial production of 
AprE by B. pumilus, and DegU(L113F) may be applicable 
in other Bacillus species.

Materials and methods
Strain, plasmid, culture, and materials
In this study, a variety of bacterial strains and plas-
mids were utilized (Table 3). Escherichia coli DH5α was 
selected for vector construction and was grown in Luria-
Bertani (LB) medium, containing tryptone (10 g/L), yeast 
extract (5  g/L), and NaCl (5  g/L). B. pumilus BA06 and 
its derivatives were cultivated aerobically at 37  °C in LB 
medium. Antibiotics, including kanamycin (25  µg/mL), 
chloramphenicol (10  µg/mL), erythromycin (5  µg/mL), 
and ampicillin (50  µg/mL), were added to the media as 
needed. Gene deletion in B. pumilus BA06 was carried 
out by using temperature-sensitive plasmid pUCEts, 
while gene disruption in B. pumilus SCU11 and B. sub-
tilis was performed by using plasmid pJOE8999.1. Gene 
overexpression and functional screening was carried out 
by using the modified expression plasmid pSU03-AP.

The fermentation medium for alkaline protease con-
tains soybean peptone (15.0 g/L), yeast extract (3.0 g/L), 
NaH2PO4 (0.4  g/L), K2HPO4 (4.0  g/L), potato extract 

(extracted from 200 g of fresh potato per one litre of cul-
ture medium) and CaCO3 (3.0  g/L). The final pH was 
adjusted to 7.4 ± 0.2 (25 °C).

The main primers used in this study were present in 
Additional file 2: Table S11.

Plasmid construction and DNA manipulation
The study followed the established protocols of DNA 
manipulation [67]. As an example, pJOE8999.1-
degU(L113F)-M was constructed as follows. Details of 
additional plasmids and related information were avail-
able in Additional file 1: Fig. S3.

Two DNA fragments (LH and RH) flanked the degU 
gene were amplified by High-fidelity 2 × phanta max Mas-
ter mix (Vazyme, China) with the primer pairs (degU-
LF_xma1/degU-LR and degU-RF/degU-RR_xma1) and 
using genomic DNA of B. pumilus BA06 as template. 
The mutation sequence of degU (L113F) was amplified 
from the screened plasmid pSU03-P1-degSU-PaprE-gfp 
(harboring the L113F mutation) with primer pair 
DegU(hy)_F/R. Overlap-PCR was used to assemble the 
LH and degU(L113F) fragments, which was then cloned 
into pMD19-T vector. The obtained plasmid was denoted 
as pMD19-LH-degU(L113F). We altered the sequence 

Table 3 The bacterial strains and plasmids used in this study
Strains and Plasmids Descriptions Source
Strains
B. pumilus BA06 The raw strain isolated for dehairing alkaline protease production [36]

B. pumilus SCU11 AprE high-yielding strain, mutagenesis from BA06 [40]

B. pumilus BA06 ΔdegS::CmR Disruption of degS gene This study

B. pumilus BA06 ΔdegSU::KanR Disruption of degSU gene This study

B. pumilus SCU11 ΔsinR Disruption of sinR gene This study

B. pumilus SCU11 Δhpr Disruption of hpr gene This study

B. pumilus SCU11 Δupp/ΔabrB Disruption of abrB/upp gene This Laba

B. pumilus SCU11 Δhpr ΔdegU::degU(L113F) in situ replacement of the degU gene with a mutant degU in a Δhpr mutant This study

B. subtilis FDAARGOS_606
(ΔdegSU::comK)

Disruption of degSU gene and integrate an inducible comK element in 
chromosome

This study

Escherichia coli DH5α DNA cloning host This Lab

plasmid
pUCEts Temperature-sensitive plasmid used for gene disruption in Bacillus [62]

pJOE8999.1 CRISPR/Cas9 genome editing in Bacillus [65]

pUCEts-degS::CmR Temperature-sensitive plasmid used for degS disruption This study

pUCEts-degSU::KanR Temperature-sensitive plasmid used for degSU disruption This study

pJOE8999.1-∆sinR For sinR disruption This study

pJOE8999.1-∆hpr For hpr disruption This study

pJOE8999.1-degU(L113F)-M Replacement of degU by degU(L113F) in B. pumilus This study

pSU03-AP Bacillus-Escherichia shuttle vector harboring aprE gene. [66]

pSU03-PaprE-gfp Bacillus-Escherichia shuttle vector
Reporter gene driven by PaprE of B. pumilus

This study

pSU03-P1-degSU-PaprE-gfp Reporter gene driven by PaprE of B. pumilus, foreigner degSU gene derived from 
B. pumilus and driven by B. subtilis P1 promoter. Used for library preparation 
and fluorescence quantification baseline

This study

a The upp gene, which encodes uracil phosphoribosyl transferase, was utilized as a counter-selectable marker for achieving markerless gene deletion. According to 
our unpublished data, the usage of upp gene did not affect the production of AprE, and had a negligible impact on growth and colony morphology.
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within the degU coding area targeted by the small-guide 
RNA to avoid an autoimmune effect, using 366  F/R 
primers and pMD19-LH-degU(L113F) as a template. 
The resulting plasmid was designated as pMD19-LH-
degU(L113F)-M. Primers benchling 366  F/R was used 
to insert sgRNA into plasmid pJOE8999.1 via inverse-
PCR, creating pJOE8999.1-M366. The fusion fragment 
(LH-degU(L113F)) was amplified with primers degU-LF_
xma1/DegU-RR_xma1 with pMD19-LH-degU(L113F)-
M as template. The plasmid pJOE8999.1-M366 was 
linearized with Xma I. Hence, the fusion fragment 
(LH-degU(L113F)-M, RH fragment, and the linear-
ized pJOE8999.1-M366 were mixed for multi-fragment 
recombination by using the ClonExpress Ultra One Step 
Cloning Kit (Vazyme, China), resulting to obtain the 
anticipated plasmid pJOE8999.1-degU(L113F)-M.

Plasmid transformation
To transform the plasmids into E. coli, chemical com-
petent cells with an ordinary heat-shock method was 
performed followed well-known protocols [67]. The 
high-osmolarity electroporation protocol was adopted to 
transform the plasmids into B. pumilus [68]. Transform-
ing the plasmids into B. subtilis was followed by an elec-
troporation procedure developed by Zhang et al. (2011) 
with minor modification.

Screening of the gene deletion strains
For the temperature-sensitive plasmids, positive trans-
formants were spread onto LB (+ 1% milk) plates and 
cultured overnight at 37  °C. A single colony with a 
clear hydrolysis halo was selected and inoculated into 
4 mL of LB medium (without antibiotics). The culture 
was initially incubated at 30  °C for about 2  h, and then 
transferred to continue incubating at 42  °C for 6 h. The 
resultant culture was diluted to an appropriate concen-
tration and spread onto LB plate amended with 5 µg/mL 
chloramphenicol. The plates was incubated at 42 °C until 
formation of colonies, which were picked up and spotted 
onto the fresh plates with addition of 5 µg/mL erythro-
mycin and 5  µg/mL chloramphenicol. The colonies that 
only grew on chloramphenicol plates were selected for 
colony PCR inspection to verify the gene disruption.

For CRISPR-based genome editing, positive transfor-
mant colonies were inoculated into 4 mL of LB medium 
amended with 20 µg/mL kanamycin and 0.2% mannose, 
which was incubated overnight at 30  °C with shaking 
at 200  rpm. The culture was diluted and spread on LB 
plates containing 0.2% mannose, which was incubated at 
42 °C until individual colonies formed. The colonies were 
picked up to verify the gene deletion by the colony PCR.

Random mutagenesis and screening of functional DegUs
Error-prone PCR was employed to introduce mutations 
in the DegU gene of B. pumilus. The PCR reaction was 
carried out in a total volume of 50 µL containing 2.5 U 
rTaq polymerase, 2.0 µL dNTP mix (2.5 mM each), 0.4 
µM each of primers libMut_F and libMut_R, 10 ng of 
template DNA (pSU03-P1-degSU-PaprE-gfp), and vari-
ous concentrations of Mn2+ and dATP (0.2/0.25 mM and 
0.4/0.5 mM, respectively). The amplification condition 
was as follows: initial denaturation at 98 °C for 120 s, fol-
lowed by 45 cycles of 10 s at 98 °C, 30 s at 60 °C, and 60 s 
at 72  °C. Two sets of mutagenesis pools were obtained 
from different combinations of Mn2+ and dATP concen-
trations. A small portion of each pool (50 ng roughly) 
was cloned into the pMD19-T vector to assess the muta-
genesis efficiency.

After linearizing plasmid pSU03-P1-degSU-PaprE-gfp 
through PCR with primers pSU03-F/R and removing 
residual template DNA using Dpn I, the plasmid back-
bone was ligated with the degU mutagenesis pools by in 
vitro recombination using Vazyme’s One-step Cloning 
kit. The resulting product were transformed into E. coli 
DH5α to obtain two degU-mutation gene libraries (lib. v 
and lib. vi).

The plasmid DNAs derived from two libraries were 
electroporated into 80 µL of B. subtilis FDAARGOS 606 
ΔdegSU cells, which were spread on LB plate supple-
mented with 20 µg/mL kanamycin and incubated at 37 °C 
for about 48 h. The fluorescence intensity of each colony 
was then assessed under the UV light. Only the colonies 
exhibiting brighter fluorescence were selected and trans-
ferred onto the fresh plates for verification. Subsequently, 
individual colonies were picked up and inoculated into 
96-well plates (1.8 mL LB per well). After incubating at 
37  °C reaching the sampling time point, 100 µL culture 
was sampled to determine the cell density and fluores-
cence intensity.

Construction of protease overproducer
The plasmid pJOE8999.1-degU(L113F)-M was intro-
duced into the B. pumilus ∆hpr mutant by electropora-
tion. The B. pumilus strain with replacement of the native 
degU with its mutation sequence encoding DegU(L113F) 
was screened following the procedure as described above.

Fluorescence assays
Fluorescence intensity of sfGFP (excitation at 485 nm and 
emission at 510 nm) and cell density at OD600 were mea-
sured on the Biotek Synergy H1 microplate reader. Rela-
tive fluorescence intensity (RFU/OD) of the trials were 
calibrated according to following Eq. 1.
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[
RFU
OD

]
car =

Ft− Fc

ODt− ODc
 (1)

Where the Fc represents the background fluorescence of 
the bacterial culture of B. pumilus hosting a native degU 
pSU03-P1-degSU-PaprE-gfp; ODc represents the back-
ground OD600 of the medium. Ft and ODt indicate fluo-
rescence intensity and cell density of the tested bacterial 
strain hosting a given degU mutant.

Fed-batch fermentation and extracellular alkaline protease 
assay
The seed culture was grown in 50-mL shake flasks con-
taining 10 mL of LB broth at 30 °C by shaking at 220 rpm 
for 16 h. Subsequently, the seed culture was adjusted to 
an OD600 of approximately 1.00 and then inoculated at a 
1% ratio into 50 mL of fermentation medium and LB in 
the baffled 250-mL shake flasks. The fermentation was 
proceeded at 37 °C with shaking at 220 rpm.

Protease activity was evaluated as described by Huang 
et al. (2003). A 1-mL aliquot of the enzyme solution 
diluted in 50 mM sodium borate-NaOH buffer (pH 9.6) 
was mixed with 1 mL of 2% casein substrate in a test tube 
and incubated at 50  °C for exact 10  min. Immediately, 
the caseinolytic reaction was stopped by adding 2 mL of 
0.4 M trichloroacetic acid, and the mixture was then fil-
tered through a filter paper. To 1-mL filtrate was added 
with 5 mL of 0.4 M Na2CO3 and 1 mL of Folin-hydroxy-
benzene solution. The mixture was incubated for 20 min 
at 40  °C. The absorbance was measured at 680 nm. The 
amount of enzyme required to liberate 1 µg tyrosine was 
defined as one unit of caseinolytic activity.

 Extracellular protease activity (U/ml) = ∆OD680nm × N × 40 (N = the dilution factors)

Comparison transcriptome analysis of the bacterial strain 
harboring DegU(L113F) and related strains
Three B. pumilus strains of SCU11 Δhpr/
ΔdegU::degU(L113F) (referred to as 62  A later), 
SCU11Δhpr, and SCU11 Δhpr/ΔdegU were cultured 
in LB medium supplemented with 0.2% gelatin at 37  °C 
with shaking at 200 rpm. The cell samples were collected 
at 12, 24, and 36-hour by centrifugation at 4  °C and 13 
000 × g for 4  min, which were immediately immersed 
in liquid nitrogen. RNA extraction and sequencing were 
outsourced to Beijing Novogene Biotechnology Co., Ltd. 
The final dataset size was about 2.0 GB per sample after 
data cleaning. The RNA-seq reads were then mapped to 
the reference genome (NZ_CP038517.1), and annotated 
using HTSeq and Bowtie2. Subsequently, the differen-
tially expressed genes (DEGs) were screened out with 
a p-value < 0.05 and |1og2FoldChange| > 1.0 by using 

DESeq2 v1.20. Finally, GO enrichment analysis was con-
ducted for the DEGs using TBtools software.

Molecular dynamic simulation of DegUs monomer 
behavior
Using response regulator protein VraR (PDB ID: 5hev) 
as the template, homologous modeling of both wild-type 
DegU protein and its L113F mutant were performed on 
Swiss-Model (https://swissmodel.expasy.org/interactive). 
Subsequently, D56 in both proteins were phosphory-
lated in silico using Vienna-PTM [69, 70] and all ions 
were ionized prior to subjecting the proteins to 20 ns 
molecular dynamics (MD) simulation using GROMACS 
software [71]. The structure modeling of the resulting 
DegU and its mutant was dimerized, and hence docked 
to a specific core sequence within the aprE promoter 
(5’-ATTCCAAGCGACTTAATTCCCTATTTTTCGC-
TAGGACTTCCACAAAAATTCA.

GGTCTACTCTTATTTGCCTATCTCTATTAAACT-
GAAAATACAGAATAATCAAACGGATCATTCTA-
ATAGAATTCGC-3’) via the HDOCK webserver (http://
hdock.phys.hust.edu.cn/) [72].

Abbreviations
AprE  Major alkaline proteases, subtilisin E
DEG  Differentially expressed gene
DBD  DNA-binding domain
MD  Molecular dynamic
REC  Receiver domain
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