Wang et al. Microbial Cell Factories (2025) 24:86 Microbial Cell Factories
https://doi.org/10.1186/512934-025-02719-8

RESEARCH Open Access

Check for
updates

Development and construction of a novel
Bacillus subtilis autoinducible extracellular
expression system based on a LuxI/R device

3

Bin Wang'?", Keyi Wang"*3", Xiuyue Zhao'?3, Zemin Fang'** Yanyan Zhao'??, Yulu Fang'??, Yazhong Xiao'**" and

Dongbang Yao'?3"

Abstract

Background Microbial chassis expression systems are valuable tools in biotechnology and synthetic biology,

and Bacillus subtilis is an important industrial microbial chassis. Quorum sensing (QS)-based dynamic regulation is
widely used to automatically activate gene expression in response to changes in cell density. The main bottleneck
currently limiting the use of exogenous QS systems in B. subtilis for efficient autoinducible extracellular expression of
recombinant proteins is their low level of autoinducible expression.

Results A novel B. subtilis autoinducible extracellular expression system based on the Luxl/R-type QS system (lux
system) of Vibrio fischeri was developed in which the autoinducible expression of the Jux system was enhanced by
engineering the sensing module and response module promoters. By engineering the sensing module promoter
SP,,,s core region (=10 and —35 elements) and critical region (UP and spacer elements), and the response module
promoter RP,s COre region and /ux box copy number in the original LuxI/R device (SO-R0), the high-expression Sc-R2
construct was obtained. After shake flask and 3-L fermenter fermentation, the extracellular amylase activity obtained
with Sc-R2 was 2.7- and 3.1-fold greater, respectively, than that obtained with the well-characterized promoter Pveg.
Sc-R2 achieved 2.6-fold greater extracellular activity than SO-R0O when either levansucrase or invertase was used as a
reporter protein. Overall, the B. subtilis autoinducible extracellular expression system developed in this study showed
good generalizability and application potential for industrial-scale fermentation.

Conclusions To our knowledge, this is the first study to report enhanced autoinducible expression of the lux system
in B. subtilis by engineering the sensing module promoter SP,,,, sequence and the lux box copy number of the
response module promoter RP,, s This study further expands the application potential of the B. subtilis expression
system in synthetic biology.
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Background

Microbial chassis expression systems are valuable tools
for biotechnology and synthetic biology. The efficient and
precise expression of genes of interest (GOIs) is essen-
tial for the successful construction of microbial chas-
sis expression systems that efficiently produce enzymes
and other natural products [1]. GOIs can be expressed
in either constitutive or inducible systems [2]. Compared
with a constitutive system, an inducible system has sig-
nificant application potential because of the ability to
regulate the level and timing of GOI expression in such
systems. In addition, inducible systems can decouple cell
growth and GOI expression processes and thus overcome
challenges related to limited resource allocation between
these two processes [3]. Inducible microbial chassis
expression systems include inducer-based and bacterial
quorum sensing (QS)-based systems [4]. When using
inducer-based expression systems, cell growth is moni-
tored, and an inducer is added at the appropriate time
[5]. This leads to increased labour and production costs,
which limits the industrial application value of this type
of system. Therefore, QS-based autoinducible expres-
sion systems have become a prominent research focus
because of their ability to autonomously activate gene
expression at specific cell densities without the need to
add external inducers or monitor cell growth [6].

Bacillus subtilis has been developed into an important
industrial microbial cell factory because of its robust
protein synthesis and secretion capabilities, ease of cul-
tivation, and generally regarded as safe (GRAS) designa-
tion [7]. It has been widely used to produce a variety of
industrial enzymes, such as amylases and pullulanases [8,
9]. QS is a population density-dependent cell signalling
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mechanism [10]. The QS systems currently used in B.
subtilis include the endogenous ComQXPA and Phr-
Rap systems and the exogenous LuxI/R-type system (lux
system) derived from Vibrio fischeri [11-13]. The auto-
inducer in the ComQXPA and Phr-Rap systems is an oli-
gopeptide, also known as an autoinducible peptide [14],
whereas the autoinducer in the /ux system is acylhomo-
serine lactone (AHL) [15]. Currently, the autoinducible
extracellular expression of recombinant proteins in B.
subtilis relies on its endogenous ComQXPA-type QS sys-
tem [6, 13, 16]. However, cell growth and the expression
of recombinant proteins via endogenous systems may be
hindered by interference from other cellular physiologi-
cal processes [17]. In contrast, the exogenous /ux system
can overcome these issues because it is bioorthogonal to
the natural QS system of B. subtilis.

The lux system of V. fischeri consists of the [uxR and
luxICDABE operons, known as the LuxI/R device [18].
luxR encodes the AHL receptor protein LuxR, luxI
encodes the AHL synthase LuxI, and luxCDABE encodes
a bioluminescence-related protein (Fig. 1A). The N- and
C-terminal domains of LuxR bind to AHL and the lux
box region of the promoter P, respectively. All cells in
the population produce AHL at a low basal level, and the
AHL produced freely diffuses out of the cell. When the
concentration of AHL reaches a specific threshold, AHL
binds to the N-terminal domain of intracellular LuxR.
This binding alleviates C-terminal domain inhibition by
the N-terminal domain. The resulting LuxR - AHL com-
plex subsequently binds to the [ux box region of P ;.
Then, RNA polymerase (RNAP) is recruited to increase
the transcriptional activity of P, increasing the expres-
sion of the luminescence gene operon luxICDABE. This
leads to an exponential rise in AHL production and cel-
lular luminescence as the cells continue to grow.

It is widely recognized that decomposing complex sys-
tems into multiple simple modules can decrease their
complexity and facilitate their reconstruction and charac-
terization [19]. In recent years, researchers have decom-
posed the [ux system into a sensing module containing
luxI and [uxR and a response module in which P, ; medi-
ates the expression of a GOI (Fig. 1B), and the B. subtilis
autoinducible expression system was constructed on the
basis of these modules [11, 17]. Corréa et al. demon-
strated that the /ux system functioned efficiently during
the exponential growth phase of cells, with only minimal
leakage of expression observed in the lag phase [17]. This
closely matches the ideal pattern of protein expression
[20]. These results suggest that the Jux system has sig-
nificant potential for autoinducible extracellular expres-
sion of recombinant proteins in B. subtilis. However, to
our knowledge, there are no reports of autoinducible
extracellular expression of recombinant proteins in B.
subtilis via the [ux system. The main reason for this is



Wang et al. Microbial Cell Factories (2025) 24:86

that recombinant protein expression using the QS sys-
tem requires high autoinducible expression [13], whereas
the lux system exhibits low expression in B. subtilis [17].
Consequently, increasing the autoinducible expression of
the lux system in B. subtilis is highly important.

As reported in previous studies, the autoinducible
expression of the lux system in B. subtilis was enhanced
only by increasing P, transcriptional activity or by
stabilizing the mRNAs of target genes in the response
module. For example, Corréa et al. increased the autoin-
ducible expression of a lux system 154-fold by optimiz-
ing the sequence located between the - 35 region and the
transcription start site of P;, ; in the response module
[17]. In addition, Zhou et al. introduced random muta-
tions in a sequence located within 4 bp upstream of the
-10 region of P, in the response module [21]. The
resulting mutant P58 exhibited a 1.39-fold increase in
the expression of sfGFP in B. subtilis [21]. However, to
our knowledge, there are no reports of the autoinducible
expression of the lux system in B. subtilis being increased
by engineering the sensing module.

The primary objective of this study was to enhance
the autoinducible expression of the V. fischeri lux sys-
tem in B. subtilis by engineering the sensing module and
response module promoters and then further developing
a novel and efficient B. subtilis autoinducible extracellu-
lar expression system regulated by the optimized LuxI/R
device. In the initial experiments, an autoinducible extra-
cellular expression system regulated by the LuxI/R device
was constructed [22]. The autoinducible expression of the
lux system in B. subtilis was then enhanced by engineer-
ing the core and critical regions in the sensing module
promoter, and the core region and [ux box copy number
in the response module promoter. Finally, the generaliz-
ability and industrial-scale fermentation potential of the
constructed B. subtilis autoinducible expression system
were evaluated on the basis of the performance for three
reporter proteins and in a 3-L fermenter, respectively.

Materials and methods

Strains, plasmids, and media

All strains and plasmids used in this study are listed in
Additional file 1: Table S1. B. subtilis WB600 [23] was
used as the host strain for plasmid construction and
expression. LB medium and 2xYT medium containing
10 mM Ca®" were used for seed culture and shake flask
fermentation, respectively [8]. For fermentation in a 3-L
fermenter, the basic medium contained 5 g/L molas-
ses, 8.5 g/L soybean peptone, 5 g/L NaCl, 25.5 g/L yeast
extract, 3 mL/L trace element solution [22], and 3 mM
Ca?*. The feed medium contained 360 g/L molasses,
30 g/L soybean peptone, 5 g/L NaCl, 90 g/L yeast extract,
and 30 mL/L trace element solution.
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Fermentation of B. subtilis in shake flasks and fermen-
ters in this study was performed according to our previ-
ously reported methodology [8]. Briefly, for shake flask
fermentation, a single colony selected from a Petri dish
was first inoculated into a test tube containing 5 mL of
LB medium. After overnight growth at 37 °C with shak-
ing at 200 rpm, the culture was inoculated into a 250-mL
shake flask containing 100 mL of 2xYT medium (2%, v/v)
and incubated for 48 h at 30 °C with shaking at 200 rpm.
For fermentation in 3-L fermenters, seed cultures were
first obtained by growing a single colony in 60 mL of
2xYT medium at 37 °C with shaking at 200 rpm for 12 h.
The culture was then inoculated into a 3-L fermenter
(Eppendorf BioFlo 115, New Brunswick Scientific, USA)
containing 1.2 L of the basic medium (5%, v/v). The dis-
solved oxygen content was maintained at approximately
30% by automated adjustment of the stirrer speed and air
flow. The fermentation temperature was maintained at
30 °C, and the pH was maintained at 6.5-7.5 by adding
NH,OH and HCl as needed.

Plasmid construction and transformation

The primers used in this study are shown in Additional
file 1: Table S2. The pBA-luxI/R fragment (the backbone
of pBLA) was obtained from the plasmid pBHYCO6
[22] using the primers F1/R1. The T, p-luxR-SP;, »
SPy,. - luxl-T,, -RP;, ;ns fragment was obtained from
the plasmid pUC57-luxI/R using the primers F2 and
R2. The plasmid pBLA was created by linking the T, -
luxR-SP,, p-SP,. luxl-T,,-RP;, ns fragment with the
pBA-luxI/R fragment using prolonged overlap extension
polymerase chain reaction (POE-PCR) [24]. The pBA-veg
fragment (the backbone of pBVA) was obtained from the
plasmid pBHYCO6 [22] using the primers F3/R3. The
promoter P, was obtained from the plasmid pBHZ-
V [8] using the primers F4 and R4. The plasmid pBVA
was created by linking P,,, with the pBA-veg fragment
using POE-PCR. Sequence information for the T, -
luxR-SP,, p-SP,. luxl-T,,-RP;, ns fragment and the
promoter P,,, is provided in Additional file 1: Sequence
information. The other plasmids used in this study
were constructed in a similar manner, and the detailed
procedures are described in Additional file 1: Plasmid
construction. The methods used in this study for B. sub-
tilis receptor cell preparation and plasmid transformation
were described in our previously reported study [8].

Directed evolution of the response module promoter
RP,,,rs COTE region

B. subtilis WB600 transformants containing pBLA-
RP;,.iz¢ > in which RP;, ;" represents a RP,,;»s mutant
library, were inoculated into 96-well plates (purchased
from Shanghai Ganwei Biotechnology Co., Ltd., China)
containing 600 pL of 2xYT medium supplemented with
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10 mM Ca®* and 30 pg/mL kanamycin and incubated at
30 °C with shaking at 700 rpm for 48 h. The fermenta-
tion supernatant was obtained by centrifugation of the
fermentation cultures at 300 rpm for 10 min at 4 °C. Our
previous OD,, measurement results for the 96-well plate
fermentation system revealed that there was no signifi-
cant difference in the ODy, values of the strains in the
different wells, which were all in the range 5.9-7.1. For
the sake of efficiency and simplicity, we did not adjust
the ODy, values of the strains before centrifugation. The
fermentation supernatant was inoculated onto plates
containing 2% soluble starch and 1% agar and incubated
at 30 °C for 2 h. The extracellular AmyZ1 activity of the
transformants was assessed by measuring the diameter of
the transparent circle after iodine staining.

Transformants with a transparent circle diameter sig-
nificantly larger than that of the control WBLA were sub-
jected to shake flask fermentation and then rechecked
for AmyZ1 activity using the fermentation supernatant.
Shake flask fermentation was performed by transferring
the seed cultures into 250-mL shake flasks at 2% (v/v) in
100 mL of 2xYT medium. Cell lysis may have affected the
results of the enzyme activity assay; however, the directed
evolution of RP;,,;»s was performed using AmyZ1, which
has high specific activity, as a reporter protein [25].
Therefore, the amounts of extracellular protein generated
by the mutant and wild-type RP,, ;s regulated recombi-
nant AmyZ1 showed little difference via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Therefore, AmyZ1 protein expression levels were not fur-
ther validated by SDS-PAGE. Finally, the sequence infor-
mation of the promoter RP,, ;" corresponding to the
transformants showing high extracellular AmyZ1 activity
was obtained through sequencing.

Cell concentration and enzyme activity determination

The methods used in this study to determine the cell
concentration and AmyZ1 activity were described in our
previously reported study [8]. The method for determin-
ing invertase activity was modified from Liu et al. [26].
Briefly, 50 pL of a crude enzyme solution was added to
a system containing 430 pL of citrate-disodium phos-
phate buffer (50 mmol/L, pH 6.5) and 120 pL of sucrose
(final concentration of 2%). The mixture was then mixed
well and incubated at 35 °C for 10 min. Then, 300 pL of
3,5-dinitrosalicylic acid (DNS) was added to stop the
reaction. The mixture was boiled at 100 °C for 10 min,
and the absorbance of the mixture was measured at
540 nm. One unit of enzyme activity (U) was defined as
the amount of enzyme required to produce 1 umol of glu-
cose per minute under the above conditions. The levan-
sucrase activity was determined via the method used to
determine invertase activity.
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Quantitative real-time PCR (qRT-PCR)

The method used to determine the amyZI transcript lev-
els in this study was described in our previous report [8].
The 16 S rRNA gene was used as the reference gene. The
primers F5 and R5 and the primers F6 and R6 were used
for qRT-PCR amplification of the amyZ1 and 16 S rRNA
genes, respectively (Additional file 1: Table S2). The
transcript level of luxI was determined using a method
similar to that used for amyZ1, wherein the qRT-PCR
amplification primers for luxl were F7 and R7 (Addi-
tional file 1: Table S2). The data were analysed using the
2748CT method [27].

Statistical analysis

All data in this study represent the mean (+standard
deviation) of three independent experiments. The data
were statistically analysed using Student’s ¢ test. Only dif-
ferences with p values less than 0.05 were considered sta-
tistically significant.

Results and discussion

Development of a LuxI/R device-based autoinducible
extracellular expression system for B. subtilis

The recombinant vector pBLA (Fig. 2A), comprising a
sensing module with luxI-luxR and a response module
with Py, ze-regulated amyZI (encoding the raw starch-
degrading a-amylase AmyZ1), was constructed [8]. In
the LuxI/R device, the promoter for [uxI in the sensing
module is P;,,; (abbreviated as SP,,,;), and the promoter
of amyZ1 in the response module is R6 (abbreviated as
RP,,.ze) [17]. Then, pBLA was transformed into B. sub-
tilis WB600 to obtain the recombinant strain WBLA.
Compared with the autoinducible expression mediated
by endogenous QS systems (e.g., the ComQXPA sys-
tem), the current industrial use of B. subtilis as a chassis
for efficient expression of recombinant proteins is based
mainly on constitutive promoters. P,,, is a strong consti-
tutive promoter commonly used in the B. subtilis expres-
sion system [28]. To increase the efficacy of industrial
application of the B. subtilis autoinducible extracellular
expression system based on the LuxI/R device, P, was
chosen as the control in this study, and the control strain
WBVA was constructed on the basis of the recombinant
vector pBVA containing P,,, (Fig. 2A). To evaluate the
production performance of the autoinducible extracel-
lular expression system regulated by the LuxI/R device,
shake flask fermentation was conducted with WBLA and
WBVA, and the results were analysed.

As depicted in Fig. 2B and C, the WBLA and WBVA
strains presented distinct correlations between extra-
cellular amylase activity and the ODgy, The trend for
the extracellular amylase activity of WBLA was simi-
lar to that for its ODy,, which was consistent with the
design concept for QS system-mediated autoinducible
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expression. After 36 h of culture, the ODy,, and extracel-
lular amylase activity of WBLA peaked at 10.2 and 115
U/mL, respectively, with a production efficiency of 3.2
U/mL-h. The ODg, and extracellular amylase activity
of WBVA peaked at 51 and 48 h, with values of 9.4 and
130 U/mL, respectively, with a corresponding produc-
tion efficiency of 2.7 U/mL-h. The ODy, and extracellular

amylase activity of WBVA at 36 h were 6.2 and 87 U/mL,
respectively, which were 39% and 24% lower than those
of WBLA. This may be attributed to the fact that the
autoinducible expression mediated by the LuxI/R device
effectively alleviated the inverse relationship between cell
growth and product synthesis.
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In addition, the maximum extracellular amylase activ-
ity of WBVA was 1.13 times (p <0.05) greater than that of
WBLA, indicating a lower level of autoinducible expres-
sion mediated by the lux system in B. subtilis than in P,,,,.
Subsequent experiments focused on enhancing the auto-
inducible expression of the /ux system by engineering the
sensing module promoter SP,,,; and the response module
promoter RP;, ;re.

Engineering the — 10 and — 35 regions of SP,,,

The - 10 and - 35 regions of the promoter function as
recognition and binding sites for the o factor of RNAP,
which is the core region influencing its level of transcrip-
tional activity [29]. Previous studies have demonstrated
that engineering the — 10 and - 35 regions of a promoter
effectively enhances transcriptional activity [17, 30, 31].
For example, by replacing the —35 region of P, with
the consensus sequence of the B. subtilis ¢* factor, the
resulting mutant P1 exhibited an 85% increase in tran-
scriptional activity [13]. In a previous study by Hu et al.,
the fluorescence intensities obtained with the mutants
Pp, and Py, which were obtained by replacing the core

A
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region of the promoter P, with the conserved recog-
nition sequences ¢*, o, and o'/, were 3.6- and 2.8-fold
greater, respectively, than those obtained with P, [12].
Guan et al. used a similar method to modify the - 10
region of P, producing the mutant P12, which pre-
sented a GFP fluorescence intensity that was 1.83-fold
greater than that of the control P, (P03) [31]. Here,
we generated a series of promoter mutants (Fig. 3A) by
replacing the —10 and - 35 regions of SP;,,; with those
from strong promoters commonly utilized in the B. subti-
lis expression system (P, [3], Py, [32], Pys [33], Py
(34], P, [35], and P, [36]). In theory, the core region
of SP,,,; can be optimized by selecting these promoters
as reference objects to generate mutants with increased
expression of the GOL

Figure 3A illustrates the significant differences in the
extracellular amylase activity of the promoter mutants.
The mutants SPlux]—spoVG]O’ SPluxI—4310’ and SPluxI—vegIO
were obtained by replacing the —10 region of P, g, Pys,
and P, respectively. These mutants exhibited extra-
cellular amylase activities of 141, 143, and 134 U/mL
(Fig. 3A), which were 1.23-, 1.24-, and 1.17-fold (p <0.05)
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greater than those of the control SP;, ;, respectively. The
mutants SPj,.; o,,vG3s and SPy,._,z35 were obtained by
replacing the - 35 region of P, and P, 5, respectively.
These mutants exhibited extracellular amylase activities
of 141 and 140 U/mL (Fig. 3A), which were 1.23- and
1.22-fold greater than those of SP,,;.

To further enhance the autoinducible expression of
the lux system in B. subtilis, we performed a combined
substitution based on individual substitutions in the — 10
and - 35 regions (Fig. 3A). The mutant SP;,.; 4310550635
obtained by combined substitution of the —10 region of
P,; and the -35 region of P, exhibited an extracellu-
lar amylase activity of 210 U/mL. This activity was 1.83-,
1.47-, and 1.49-fold greater than that of SP,,;, SP;,.; 43:0r
and SPy,.;_.,,vG3s respectively (Fig. 3A). In a previous
study, Corréa et al. used a consensus sequence of the B.
subtilis o* factor to replace the - 10 region of P, ; in the
response module [17]. The resulting mutant, R6, pre-
sented an approximately 2.6-fold increase in transcrip-
tional activity compared with that of the control R4 [17].
However, Corréa et al. did not investigate the underlying
reason for the effects of the engineered response module
P, on the autoinducible expression of the lux system
[17].

To elucidate the effect of engineering the core region
of SP,,; to enhance the autoinducible expression of
the lux system, we determined the transcript levels
of amyZl mediated by the LuxI/R device containing

SPluxI’ SPlux1—4310’ SPluxI—spoVGSS’ and SPlux1—4310spoVG35' As
depicted in Fig. 3B, the amyZI transcript levels medi-

ated by SPlux1—4310’ SPluxI—spoVG35’ and SPluxI—4310spoVG35
increased to varying degrees in shake flask fermen-
tation compared with that mediated by the control,
SP,,. This finding was consistent with the observed
extracellular amylase activity. Among these constructs,
SPusr-s310p0vGss €xhibited the highest transcriptional
activity, which was 10-16 times greater than that of
SP,,.. Moreover, the level of luxl transcription medi-
ated by SP,.; s31090vGss Was greater than that medi-
ated by SP;,,; throughout the culture period (Fig. 3C).
Given these results, it was reasonable to speculate that
the enhanced extracellular amylase activity observed
after engineering the core region of SP;,; may have been
due to the heightened expression of [uxI in the sensing
module. This increase in expression led to a higher con-
centration of the signalling molecule AHL in the culture
system. This further increased the content of the LuxR—
AHL complex and the transcriptional activity of RP,,, e

Engineering the UP region of SP,,;_43105p0vc35

Structurally, some bacterial promoters contain two types
of regions involved in RNAP recognition and bind-
ing: the classic core regions (- 10 and -35) and the UP
region [37]. The UP region is an AT-rich region located
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upstream of the promoter — 35 region with the sequence
AAAWWTWTTTTNNNAAAN ([38]. The UP region
promotes the formation of the transcription initiation
complex by binding to the a-subunit C-terminal struc-
tural domain (a-CTD) of RNAD, thereby increasing the
transcriptional activity of the promoter [39]. Previously,
by optimizing the UP region of P4, Li et al. obtained
the mutant P, ,-UP5, which exhibited a 5.6-fold increase
in transcriptional activity [39]. Phan et al. reported that,
compared with the wild-type promoter P01 with a UP
region, the promoter P70 lacking the UP region produced
a 10-fold decrease in [B-galactosidase activity, whereas
the promoter P64 with a mutated UP sequence increased
B-galactosidase activity by more than 2-fold [40]. In addi-
tion, Zhang et al. engineered the UP region sequence of
P, and demonstrated that three bases, AGC, upstream
of the -35 region, were the key bases influencing pro-
moter transcriptional activity [41]. Removing these bases
produced a 4.5-fold decrease in the GFP fluorescence
intensity [41]. Overall, it can be inferred that manipulat-
ing the UP region is an effective engineering strategy for
increasing the transcriptional activity of promoters.
Notably, there were no AT-rich UP regions pres-
ent upstream of the -35 region of SPy._4s1050vG35
(Fig. 4A). To investigate the effect of the UP region
on SPy.; 4si0p0vGss We obtained three UP region
sequences on the basis of previous reports and through
rational design (Table 1). These sequences were then
inserted upstream of the 35 region of SPy,.; 431050635
to  yield the  mutants  SPy.; p;_szi0p0vG3s

SP luxI-UP2-4310spoV G35 and SPluxI—L[P3—4310spoVG35' As shown
in Fig. 4B, the extracellular amylase activities mediated

by SPir up1-sz10p0vGss AN SPuas ypy a3100p0vG3s Were
142 and 144 U/mL, respectively, which were 68% and
69% that of SP,,;_431040vGss- This inconsistency with the
findings of Phan et al. may be due to differences in the
sequences of the promoter core regions (- 10 and - 35)
between the two studies [40].

The UP3 sequence with AGC inserted exhibited extra-
cellular amylase activity mediated by SP,.;_1;ps_43105p0vG35
reaching 295 U/mL (Fig. 4B). This level was 1.4- and 2.6-
fold greater than that of the control SP;,,;_43;0p0vG35 and
the original SP,,,;, respectively. This finding was consis-
tent with the study by Zhang et al. and further demon-
strated that the UP region crucially influences promoter
transcriptional activity, particularly the AGC sequence
located upstream of the — 35 region [41]. In addition, Li et
al. noted that the UP region of the promoter could func-
tion independently of its core region [39]. They enhanced
the transcriptional activity of P, (which did not contain
a UP region) 7.4-fold by inserting a UP region, generating
UP5-2P [39].

To further investigate the cause of the increase in extra-
cellular amylase activity mediated by the LuxI/R device
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Fig. 4 Extracellular amylase activities and transcript levels produced by engineering the critical region (UP and spacer) of SPy,_y3105p0v635- (A) Sequence
information for SP;_ss10sp0vc3s: (B) Engineering the UP and spacer regions of SPy,_ 31001635 (C) Transcriptional levels of amyZ1 mediated by LuxI/R
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Table 1 Sequence information for UP and spacer Engineering the spacer region of SPy,;_s3105p0v635

Region Sequence (5'-3) Source” The spacer region located between the —10 and -35
UP1 GGATCACTAGAAAATTTTTTAAAAAATCTC [40] regions of the promoter modulates the efficiency of o fac-
up2 GAGATTTTTTAAAAAATTTTCTAGTGATCC [40] tor recognition and binding by changing the conforma-
uP3 AAAAATTTTTTAGCAAAGC 138] tion or curvature of the promoter [30]. The spacer regions
Spacer1 aaaagcgcgcgattatg P are also critical in the subsequent structural regulation of
Spacer2 CAGAAAAAATCGTG Popovc the RNAP-DNA complex and in promoting open com-
Spacer3 caagaaaatgTATGT AD plex formation [7, 42]. Recent studies have indicated that
Spacer4 AAAACATTTTTTTCATT Pio the spacer region also interacts with the p-strand, an
Spacer5 aaagaaaatttttty AD evolutionarily conserved loop of the RNAP subunit [43].
Spacer6 caalaaaatTTtttg AD There have been numerous reports in which the spacer

“AD indicates that the corresponding sequence was artificially designed in this region was engineered to regulate promoter activity and
study .

the expression of target genes [44]. For example, Hwang

et al. achieved a greater than 40-fold change in the fluo-
containing SPy,.;_ps_43105p0vG3s the transcript levels of  rescence intensity of GFP in Escherichia coli by randomly
amyZ1 were measured. As shown in Fig. 4C, the tran-  mutating the spacer region of P, ;. [45]. Similarly, Xu et al.
scriptional activity of SPy,.;_yps_4s10p0vGss Was 1.9-3.1  achieved a 3.99-fold increase in the relative fluorescence
times greater than that of the control, SP;,,;_43;050vG35-  intensity of stGFP in B. subtilis by modifying the spacer
Moreover, the transcript level of luxI mediated by regionof P, [13].
SPuxi-ups-43105p0vG3s Was greater than that mediated by To investigate the impact of modifying the spacer
SPuar-a3109p0viss (Fig. 4C). Thus, the increased extracel-  region in SPy,,; 430401635 We semirationally replaced the
lular amylase activity mediated by SPy,.; 1;ps_431050vG35 ~ Original spacer region of SPy,.; 4350550635 With those of
may be attributed to the UP3 region, which promotes Py [33], Py, [34], and Py, [46], which are strong pro-
RNAP recruitment, leading to increased expression of moters in the B. subtilis expression system. In addition,
lux] in the sensing module. Consequently, there was a  on the basis of the observation that a higher AT base
further increase in the level of the LuxR—AHL complex content in the spacer region increased promoter activity
and an increase in the transcriptional activity of RP;,zs.  [47], the spacer region of SPy,,;_43;00vG35 Was direction-

ally mutated to increase its AT base content from 67 to
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87%. A series of promoter mutants were ultimately con-
structed, as depicted in Table 1.

As shown in Fig. 4B, the extracellular amylase activ-
ity mediated by the LuxI/R device was reduced to vary-
ing degrees when spacers 2—6, but not spacer 1, were
replaced. The extracellular amylase activity mediated by
SPurt-4310-spacers-spovzs Was only 83 U/mL, which was
39.5% of that mediated by the control, SPy,.;_4s105p0vG3s
(Fig. 4B). In contrast, the extracellular amylase activity
mediated by SPy,.;_4310-spacer1-spovss after spacer 1 was
replaced was 289 U/mL. This value was 1.38-fold greater
than that for SP;,.;_431040vGss and 2.51-fold greater than
that for the original SP;, . This increase may be explained
by spacer 1 being derived from P,;, with its number of
bases (17 bp) being close to the theoretically optimal
value (17-19 bp) [30]. This favoured RNAP binding to
SPuar-4310sp0vG3s to form a transcription initiation com-
plex [42].

To investigate the effect of the combined UP and
spacer region optimization on SPj._4si050v635 the
promoter  mutant Sp luxI-UP3-4310-spacerl-spoVG35 ~ WaS
constructed using the optimal UP3 and spacer 1.
Unexpectedly, SPluxI—L[P3—4310—spacer1—spoVG35 did not fur-
ther increase extracellular amylase activity (Fig. 4B).
Although the extracellular amylase activity mediated
bY SPluxI—UP3—4310—spacer1—spoVG35 (135 U/mL) was 1.17-
fold (p<0.05) greater than that mediated by the original
SP,,.» the activity was 36%, 54%, and 53% lower than
that mediated by SPy,.;g31090vG35r SPut-up3-43105p0vG35
and  SPy._4310-spaceri-spovGss Tespectively. As shown
in Figs. 3C and 4C, the transcript levels of amyZI and
luxI mediated bY SPluxI—UP3—4310—spacer1—spoVGSS were
lower than those mediated by SPy.; 1ps-s3105p0vG3s
SPlux1—4310—spacer1—spoVG35’ and the control SPluxI—4310spoVG35'
These findings may be attributed to the spatial confor-
mation of SP luxI-UP3-4310-spacer1-spoVG35 Containing upr3
exhibiting unfavourable binding to the a-CTD of RNAP
after spacer 1 was replaced [39, 42]. This may have
impeded the formation of the transcription initiation
complex, ultimately reducing the concentration of the
LuxR—-AHL complex and the transcriptional activity of

RPluxIRé'

Engineering the core region of RP,, s,

Sequence optimization on the basis of the core and
critical regions of SP,,; (Figs. 3A and 4B) revealed that
engineering the core region effectively enhanced the
autoinducible expression of the /ux system. To investi-
gate the effect of the core region of the response mod-
ule promoter RP;, ..., we first rationally modified the
corresponding region of RP;, - in the same manner in
which the SP,,,; core region was modified, by individually
replacing the corresponding regions of RP;, »s with the
-10 and - 35 regions of the promoters Pz, Py Pys,
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Py ove Py and P g. Unexpectedly, no positive results
similar to those obtained with the SP modifications were
obtained (data not shown).

In a previous study by Xu et al., the relative fluores-
cence intensity mediated by the mutant P1, obtained by
random mutagenesis of the promoter P, was more
than 1.87-fold greater than that mediated by the wild-
type P, [6]. Therefore, we modified the core region
(- 10 and - 35) of RP,,,;zs using the concatenated primer
NNNNNCAAGAAAATGGTTTGTTGNNNNNNN.
High-throughput screening was then performed on the
basis of the diameter of the transparent circles formed
by the transformants on starch plates. Subsequently,
rescreening was carried out via shake flask fermenta-
tion. After screening approximately 1600 transformants,
a single transformant, WBLA1, with significantly higher
extracellular amylase activity (216 U/mL, representing a
1.88-fold increase) than that of the control, WBLA, was
identified. Further sequencing analysis revealed that
the - 35 region sequence of the WBLA1 response mod-
ule promoter RP, ;zs_c4 had mutated from the original
TTTACG (in RP,,,z,) to TTTACA.

In this study, RP,,, s originated from R6, previously
reported by Corréa et al. [17]. In their study, the —10
region sequence of R6, TATAGT, was replaced by the
o® factor consensus sequence TATAAT. The - 35 region
sequence TTTACA of RPj, z6_c4 Was more similar to
the consensus sequence TTGACA of the B. subtilis o®
factor than the TTTACG sequence of RP,,,ps. Therefore,
it was reasonable to attribute the higher extracellular
amylase activity mediated by RP,,,;zs_c4 compared with
RP,,.r¢ to easier recognition and binding of RP,, jrs_ca
to RNAP.

For convenience, in the subsequent experimental
descriptions, the sensing modules containing SP,,
SP luxI-UP3-4310spoV G35 SP luxI-4310-spacerl-spoVG35 and
SPluxI—UP3—4310—spacer1—spoVGS‘S are referred to as SO’ Sa’
Sb, and Sc, respectively, and the response modules
that contained RPj, s and RP;, ;pe g4 are referred to
as RO and R1, respectively. To investigate the effect of
the combined sensing and response module optimiza-
tion on the autoinducible expression of the lux system,
the response module R1 was combined with the sens-
ing modules Sa, Sb, and Sc to construct the LuxI/R
devices Sa-R1 (SPhxr-up3-43105p0v G35~ RP eirs-Ga)s
Sb-R1 (SPlux1—4310—spucer1—spoVGSS'RPluxIRtS—GA)’ and Sc-R1

(SPluxI—UP3—4310—spacer1 -spo VGSS'RPlux1R6—GA)’ reSPeCtheIY'
The LuxI/R device based on SP,,; and RP, ;s was

named SO-RO (SP;,;-RP;,.izs). After shake flask fermen-
tation, the extracellular amylase activities mediated by
Sa-R1, Sb-R1, and Sc-R1 were 182, 183, and 187 U/mL,
respectively (Fig. 5A). The extracellular amylase activ-
ity mediated by Sc-R1 was 1.4-fold greater than that
mediated by Sc-R0O. However, the extracellular amylase
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Fig. 5 Different LuxI/R devices mediate the extracellular expression of re-
combinant amyZ1 in B. subtilis. (R) Recombinant extracellular amylase ac-
tivity mediated by various LuxI/R devices containing R1. (B) Recombinant
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box copy numbers. (C) Transcript levels of amyZ1 mediated by LuxI/R de-
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activities mediated by Sa-R1 and Sb-R1 were 61.7% and
63.3% those mediated by Sa-R0 and Sb-RO0, respectively.

The autoinducible expression mechanism of the
LuxI/R device was based on LuxR binding to AHL
encoded by luxI to form the LuxR-AHL complex.
This complex then bound to the lux boxes of SP,,,;
and RPj, gz thereby further enhancing the expres-
sion of [uxI in the sensing module and amyZI in the
response module. When the transcriptional activity
of both SP,,,; and RP,, ;s was low, the autoinducible
expression of the LuxI/R device increased as the tran-
scriptional activity of SP,,; and RP;, ;zs increased. This
may explain why Sa-R0, Sb-RO, Sc-R0O, and SO-R1 all
presented higher extracellular amylase activities than
did SO-RO. We inferred that due to the lower transcrip-
tional activity of SPxt-UP3-4310-spaceri-spoVG3S than those
of SPluxI—UP3—4310spoVG35 and SPlux1—4310—spacer1—spoVGSS
(Fig. 3C), the intracellular concentration of the LuxR-—
AHL complex in Sc-R0 was low. Consequently, there was
a reduction in AHL and AmyZ1 expression, leading to
a decrease in extracellular amylase activity mediated by
Sc-RO compared with that mediated by Sa-R0 and Sb-R0.

In addition, owing to the greater transcriptional activ-
ity of R1 than of RO (Fig. 5C), the amyZ1 expression lev-
els of Sa-R1 and Sb-R1 were greater than those of Sa-R0
and Sb-RO when the cell concentration was relatively low.
This led to an increased metabolic burden on cell growth,
ultimately resulting in reduced AmyZ1 production. To
investigate these hypotheses, we analysed the enzyme
production profiles from shake flask fermentation of the
recombinant strains using different LuxI/R devices. As
shown in Additional file 1: Fig. S1 and 5 A, the ODy,, and
extracellular amylase activities of Sa-R1 and Sb-R1 were
lower than those of Sa-R0 and Sb-RO0, respectively, which
aligned with our initial prediction.

However, independent of the LuxI/R devices based
on the sensing modules for Sa and Sb, the extracellular
amylase activity of Sc-R1 was greater than that of Sc-RO0.
This may have been due to the lower induction level of Sc
than of Sa and Sb (Fig. 3C). Therefore, in contrast to Sa
and Sb, the LuxI/R device containing Sc required a rela-
tively high cell concentration to initiate amyZ1 expres-
sion. This somewhat alleviated the inverse relationship
between cell growth and product synthesis mediated by
Sc-R1. In addition, the transcriptional activity of R1 was
greater than that of RO (Fig. 5C). Therefore, the extra-
cellular amylase activity of Sc-R1 was greater than that
of Sc-RO. This finding was consistent with the results
shown in Additional file 1: Fig. S1, in which the ODy,, of
Sc-R1 did not change significantly compared with that
of Sc-RO. Taken together, these results indicate that the
extracellular amylase activity obtained from different
LuxI/R devices is correlated with their ability to mitigate
the trade-off between cell growth and protein synthesis.
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Moreover, on the basis of this analysis, it was speculated
that further increasing the response module activity of
Sa-R1, Sb-R1, and Sc-R1 may result in increased extracel-
lular amylase activity only for Sc-R1.

Engineering the lux box of RP,,jz6_ca

The LuxR-AHL complex binds to the /ux box of P,
promoting RNAP recruitment and thereby enhancing
the expression of the lux system [18]. Ge et al. achieved
a 2-fold change in the autoinducible expression of the
lux system by designing a sequence spanning from
the lux box to the —-10 region of P, [15]. Here, we
investigated the effect of the /ux box copy number of
RPy,.;r6-ca On the autoinducible expression of the lux
system. RP, /s sc4 Was obtained by adding a copy of
the lux box to RP,,,ps_c4, and its response module was
designated R2. The LuxI/R devices constructed by com-
bining R2 with the sensing modules Sa, Sb, and Sc were
denoted Sa-R2, Sb-R2, and Sc-R2, respectively.

As shown in Fig. 5B, the extracellular amylase activi-
ties of Sa-R2, Sb-R2, and Sc-R2 were 174, 166, and 346
U/mL, respectively. Compared with Sc-R1, Sc-R2 exhib-
ited 1.85-fold greater extracellular amylase activity. How-
ever, there was no significant difference (p=0.05) in the
extracellular amylase activity between Sa-R2 and Sa-R1
or between Sb-R2 and Sb-R1. This finding was consistent
with the previous prediction that only the extracellular
amylase activity of Sc-R1 would be further enhanced by
an increase in the response activity of Sa-R1, Sb-R1, and
Sc-R1. This may be attributed to the following reasons.
First, R2 presented higher amyZI expression than R1
did (Fig. 5C) because of an increase in the lux box copy
number. Second, the LuxI/R device containing Sc exhib-
ited a delay in the autoinducible expression of amyZI
compared with the devices containing Sa and Sb, which
could mitigate the trade-off between cell growth and pro-
tein synthesis. To our knowledge, this is the first report
in which the autoinducible expression of the lux system
increased with increasing /ux box copy number in the
response module promoter.

Then, we constructed RP;,zs_,64 and RPj,.p6 464 DY
adding one and two copies of the lux box, respectively, to
RP},.ir6-dca> and these were designated R3 and R4. After
shake flask fermentation, the extracellular amylase activi-
ties of Sc-R3 and Sc-R4 were 173 and 67 U/mL (Fig. 5B),
which were 50% and 19% that of Sc-R2, respectively. In
addition, R3 and R4 presented lower amyZI expression
than R2 did (p<0.05, Fig. 5C). This may have occurred
because at high copy numbers, lux tended to bind the
LuxR—-AHL complexes, creating a barrier that hindered
RNAP recognition and binding to the promoter, ulti-
mately reducing AmyZ1 expression.

In a previous study of the endogenous Phr-Rap-type
QS system in B. subtilis, Xu et al. reported that the
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transcriptional activity of the mutant P, (s, obtained
by mutating the SpoOA binding site OA box in the pro-
moter P, ,, was 8-fold greater than that of wild-type
P4 [48]. In addition, in a study by Ge et al., a mutant
43-QS system was obtained by replacing the sequence
between the /ux box and the - 10 site in P}, ; of the Vibrio
ES114 [ux system with the corresponding sequence from
the Vibrio MJ1 lux system. This modified system resulted
in a fluorescence intensity in B. subtilis that was approxi-
mately 1.7-fold greater than that obtained with the origi-
nal Vibrio ES114 lux system [15]. On the basis of these
reports, engineering the /ux box sequence of Sc-R2 is
likely to be an effective strategy for further increasing the
autoinducible expression of the lux system proposed in
this study in B. subtilis, which warrants further research.

Generalizability and scale-up fermentation-based
validation of the B. subtilis autoinducible extracellular
expression system

Here, we aimed to assess the industrial application
potential of the B. subtilis autoinducible expression sys-
tem developed in this study by examining its generaliz-
ability and scale-up performance. First, the levansucrase
BhLS 39 [49] and the invertase InvDz13 [26], which are
known for their importance in soybean oligosaccharide
and raffinose conversion, respectively, in industrial set-
tings were used as novel reporter proteins for shake-flask
fermentation using the same medium and culture condi-
tions as those used for AmyZ1 to validate the generaliz-
ability of the expression system. Second, a 3-L fermenter
was used to culture the recombinant strain regulated by
P, and Sc-R2 to validate the scale-up feasibility of the
expression system.

As shown in Fig. 6A, the extracellular enzyme activity
mediated by Sc-R2 was 2.6-fold greater than that medi-
ated by SO-RO when either BhLS 39 or InvDz13 was used
as a novel reporter protein. As shown in Fig. 6B, the max-
imum extracellular amylase activity and ODy, achieved
with Sc-R2 were 5814.67 U/mL and 226.5, respectively,
at 44 and 56 h during fermentation in the 3-L fermen-
ter, while those for P,,, were 1892 U/mL and 197 at 32
and 60 h, respectively (Fig. 6B). The extracellular amy-
lase activity, productivity, and ODy,, mediated by Sc-R2
were 3.07-, 2.24-, and 1.15-fold greater, respectively, than
those for P,,,. These results indicate that the B. subtilis
autoinducible extracellular expression system regulated
by Sc-R2 has good generalizability and scale-up fermen-
tation potential. Similarly, in a study by Corréa et al,, the
yield of vitamin B2 obtained with an optimized LuxI/R
device, S1-R6, was approximately 1.9-fold greater than
that for P,,, [15].

In conclusion, in addition to the LuxI/R device in B.
subtilis mediating the production of high-value-added
fine chemicals, it also facilitated extracellular protein
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Fig.6 Generalizability (A) and scale-up fermentation (B) validation of the B. subtilis autoinducible expression system. The solid line represents the enzyme
activity, and the blank represents the OD,,. The error bars represent the standard deviation

expression. Previous studies have indicated that increas-
ing LuxR expression in the sensing module and its bind-
ing affinity for AHL and the /ux box effectively increased
the autoinducible expression of the lux system in E. coli
[19, 50]. However, there are no relevant reports on B.
subtilis. Therefore, future studies can build upon LuxR to
further increase the autoinducible expression of the lux
system in B. subtilis, thereby improving the application
value of the B. subtilis autoinducible expression system
developed in this study. This study provides an effective
microbial platform for protein expression and expands
the application potential of QS-based autoinduction sys-
tems in B. subtilis.

Conclusion

A novel B. subtilis autoinducible extracellular expres-
sion system based on the LuxI/R device of V. fischeri was
developed in this study. By engineering the sensing mod-
ule and response module promoters of the LuxI/R device,
the extracellular amylase activity mediated by the Sc-R2
system was 3.0-fold greater than that of the original
SO-RO. To our knowledge, this study is the first to report
the use of the LuxI/R device to mediate the recombinant
extracellular expression of target proteins in B. subtilis
and to increase the autoinducible expression of the [ux
system in B. subtilis by engineering its sensing module
promoter and the /ux box copy number of the response
module promoter. Furthermore, the B. subtilis autoin-
ducible extracellular expression system developed here
exhibited good generalizability and application potential
for industrial-scale fermentation. This study provides an
effective microbial platform for protein expression and
expands the application potential of QS-based autoin-
ducible extracellular expression systems in B. subtilis.
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