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Genetic elements are key components of metabolic engineering and synthetic biological
applications, allowing the development of organisms as biosensors and for manufactur-
ing valuable chemicals and protein products. In contrast to the gram-negative model
bacterium Escherichia coli, the gram-positive model bacterium Bacillus subtilis lacks
such elements with precise and flexible characteristics, which is a great barrier to
employing B. subtilis for laboratory studies and industrial applications. Here, we report
the development of a malO-based genetic toolbox that is derived from the operator box
in the malA promoter, enabling gene regulation via compatible “ON” and “OFF”
switches. This engineered toolbox combines promoter-based mutagenesis and host-
specific metabolic engineering of transactivation components upon maltose induction
to achieve stringent, robust, and homogeneous gene regulation in B. subtilis. We further
demonstrate the synthetic biological applications of the toolbox by utilizing these
genetic elements as a gene switch, a promoter enhancer, and an ON-OFF dual-control
device in biosynthetic pathway optimization. Collectively, this regulatory system pro-
vides a comprehensive genetic toolbox for controlling the expression of genes in biosyn-
thetic pathways and regulatory networks to optimize the production of valuable
chemicals and proteins in B. subtilis.
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Rational reconstruction of metabolic pathways and regulatory systems is one of the impor-
tant objectives of synthetic biology and metabolic engineering. There have been good
examples of successful reprogramming of cellular functions by utilizing different biosensors,
genetic circuits, and engineered pathways (1). By employing different genetic elements and
genome-editing tools, many new applications, such as cancerous cell detection, memory
storage and encryption, biobased production of valuable chemicals, and detection and
remediation of toxic chemicals, have been developed to benefit health, the manufacturing
industry, and our environment (2, 3). These tools often rely on synthetic gene circuits to
perform tunable oscillation of target genes (4), Boolean logic gates to orthogonally regulate
input and output signals (5, 6) and genetic elements to adjust the expression levels of
many different genes precisely and simultaneously (7–10). In contrast to constitutive gene
expression systems, the precise regulation of inducible and repressible gene expression sys-
tems would facilitate dynamic gene regulation to achieve optimal production of valuable
chemicals while circumventing the burden effect that negatively influences the growth of
host cells. An ideal control system should allow rapid and precise regulation of a target
gene between the “ON” and “OFF” states or even simultaneous switching of different
genes to the ON or OFF state (11–13).
Bacillus subtilis is a well-studied gram-positive model bacterium that has been widely

used in industrial biotechnology, particularly for the production of heterologous proteins
and chemicals. Unlike the gram-negative model bacterium Escherichia coli, only a few
genetic regulatory components are available for use in B. subtilis (14–21), and these compo-
nents lack high stringency, homogeneity, and a wide dynamic range. Over the years,
numerous expression systems and strategies have been developed for B. subtilis to enhance
the production of homologous and heterologous proteins (22–25). To date, several gene
regulation systems have been developed in B. subtilis based on different types of promoters
that can be categorized as inducer-specific promoters (17, 20, 26–28), growth-phase pro-
moters (16, 29), and auto-inducible promoters (19, 30, 31). In many cases, inducible
expression systems have also been exploited as gene switches or valves to regulate the meta-
bolic fluxes in host cells to enhance the production of desired products (9, 11, 32–34).
Nevertheless, the existing inducible gene regulation systems have their own limitations, and
most of them cannot meet the demand for the stringent control of gene expression levels
and optimization of protein production simultaneously.
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The B. subtilis expression system based on the subtilin-
regulated promoter PspaS (SURE) (28) and mannose-induced
promoter PmanP (XS) (19) have been widely used in both aca-
demic studies and industrial applications. While the two pro-
moter systems are excellent for protein production, it is still
unclear whether they are equally useful for more sophisticated
metabolic engineering. An optimized maltose-inducible expres-
sion system was also reported previously (35), but the system
exhibited low levels of target protein production and was
strongly repressed in the presence of glucose. A Tet system
based on the TetO operator and TetR repressor was also devel-
oped in several gram-positive bacteria, including B. subtilis (36,
37), streptomycetes (38), and Clostridium acetobutylicum (39).
However, these systems were not further utilized and improved
due to the low efficiency and inflexibility of their expression
elements. Moreover, their efficacy is also limited due to the
lack of reversibility of gene expression. Thus, there has been a
great demand for developing a gene expression and regulation
system with high efficiency and stringency for sophisticated
metabolic engineering in B. subtilis.
Promoters from the pathways for utilizing carbon substrates are

always good candidates for the construction of inducible expression
systems. These promoters can quickly respond to the inducer, and
their strength is tunable with inducer concentration. These carbon
substrate inducers are inexpensive and readily available and show
positive effects on cell growth. For B. subtilis, maltose is the second
preferred carbon source and is transported via the phosphoenolpyr-
uvate-dependent phosphotransferase system (PTS). In our previous
study (40), we established a maltose-inducible expression system in
B. subtilis by shortening the length of the PmalA promoter and
deleting the predicted maltose utilization genes yvdK and malL
(41). Nevertheless, the potency of this system is still limited due to
the lack of sequence information for the operator (denoted as
malO) in the PmalA promoter. For better utilization of B. subtilis in
metabolic engineering and synthetic biology studies, stringent
expression elements with rapid ON and OFF kinetics, such as the
Tet-On/Tet-Off system in eukaryotic cells, are needed.
In this paper, we report the development of a malO

operator–based genetic toolkit that enables inducible ON and
OFF gene regulation with tunable strength in B. subtilis (Fig. 1).
To achieve this, the malO operator of the promoter PmalA was
identified and analyzed, guiding the subsequent mutagenesis for
improved transcriptional activity. The maltose-activated or
maltose-repressed genetic element was constructed by replacing or
repositioning the wild-type malO operator of the promoter PmalA,
generating the maltose-activated MATE-ON system and maltose-
repressible MATE-OFF system. Furthermore, the stringency and
tolerance of the MATE system were improved, the carbon catabo-
lite repression (CCR) effect was abolished, and the maximal
induction fold change was increased to 790-fold without
compromising the expression strength. Finally, as a key example
of the application potential, the MATE-ON and MATE-OFF
systems were employed as a gene switch or metabolic valve to
optimize the biosynthesis of riboflavin and violacein in B. subtilis.
Taken together, the results indicate that the MATE system devel-
oped in this study allows flexible, tunable, homogeneous, and
stringent control of gene expression in B. subtilis. This system will
serve as a useful tool for a diverse range of metabolic engineering
and synthetic biology studies and applications.

Results

Identification of the malO Operator. Although several tran-
scriptional elements, such as the transcriptional initiation site

(TIS), the �35/�10 region and the cre (catabolite repression
element)-box of the mal operon, have been identified (42), the
malO operator sequence, which is recognized by the transcrip-
tion factor MalR, has never been identified. Thus, we endeav-
ored to determine the location of the malO operator by
gradually truncating the promoter sequence (�310 to �40
from the TIS) upstream of the �35 region of the promoter
PmalA (SI Appendix, Fig. S1A). The transcriptional activity of
M13 was almost abolished (SI Appendix, Fig. S1B), indicating
that the malO operator was likely located between the �112
and �76 positions with respect to the TIS of the promoter.
Interestingly, the strength of the fluorescence signal from the
M14 and M15 mutants, in which the distance between the
potential malO operator and the �35/�10 region of the pro-
moter was shortened, was higher than that from the wild-type
promoter. This phenomenon also indicates the potential loca-
tion of the malO operator because a closer distance might stim-
ulate the activation effect between MalR and RNA, resulting in
an increase in reporter gene gfpmut2 expression.

Considering the polymerization of major transcriptional acti-
vators and repressors in bacterial cells, the operator sequence is
usually found as a trans- or inverted-repeat sequence. To fur-
ther identify the potential malO sequence between the �112
and �76 positions of PmalA, we searched for the trans- or
inverted-repeat sequence in PmalA and then aligned these poten-
tial malO sequence regions from B. subtilis, Bacillus lichenifor-
mis, Bacillus amyloliquefaciens, Bacillus pumilus, Bacillus clausii,
and Staphylococcaceae sp. Finally, a consensus inverted repeat
(TTTCCC-N7-GGGAAA) was found in B. subtilis, B. licheni-
formis, and B. amyloliquefaciens (SI Appendix, Fig. S1C). To
further validate whether the conserved sequence found by
sequence alignment is the minimal functional sequence of the
malO operator, the potential malO sequence was divided into
four regions (denoted UP, IR1, Spacer, and IR2), which were
analyzed for their roles in promoter activity (SI Appendix, Fig.
S2A). The IR1 and IR2 regions of the malO operator were
essential for maintaining promoter activity (SI Appendix, Fig.
S2B), whereas disrupting the UP region only slightly affected
the function of the malO operator. Moreover, the proximal
IR2 region (GGGAAA) played a more important role than the
distal IR1 region (TTTCCC), which is consistent with the
sequence conservation of malO operators in different Bacillus
species.

Construction of a Maltose-Activated MATE-ON System. To
develop a PmalA promoter with improved transcriptional activity, a
mutagenesis library of the malO operator was constructed and
screened with a combination of agar plate and FACS (fluorescence
activated cell sorting)-based high-throughput screening method
(SI Appendix, Text S1 and Fig. S3, and Fig. 2A). Finally, nine
mutants, denoted operator mutants (OM1, OM2, OM6, OM7,
and OM11–OM15), were isolated for further experiments (SI
Appendix, Fig. S4). To construct a maltose-activated MATE-ON
system with higher robustness, GFP expression cassettes harboring
different malO mutants were cloned into the high-copy-number
plasmid pMA5, testing the expression capacity of the GFP
reporter protein. Finally, plasmid pMATE15 with OM15 exhib-
ited the highest level of GFP and was thus selected as the expres-
sion vector for further experiments (SI Appendix, Fig. S5). Besides,
the maltose utilization pathway was engineered to develop a long-
term, continuous, and robust inducible expression system (SI
Appendix, Text S2). As expected, the malA-deficient strains
showed stronger levels of gene activation than the control strain in
the presence of maltose (SI Appendix, Fig. S6A). Notably, the
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basal expression levels of these malA-deficient strains were also
enhanced in the absence of maltose, indicating the occurrence of a
leaky expression in these host cells. Similarly, the wild-type strain
1A751 harboring the episomally expressing plasmid also exhibited
moderate levels of leaky expression. In comparison to that of the
strain harboring the integrative plasmid pDG, the fluorescence
induction fold change (maximum/minimum) decreased from 74-
to 11-fold in host cells with the high-copy-number expression
plasmid. Furthermore, the malA-Ter–deficient strains with malR

and malP overexpression exhibited the highest fluorescence intensi-
ties and gene expression levels upon induction with maltose. Inter-
estingly, the malA-Ter–deficient strains in which the downstream
terminator was removed showed much lower leaky expression than
the malA-deficient strains (SI Appendix, Fig. S6A), indicating that
a potential transcriptional element might exist in this terminator.

Based on these observations, it was hypothesized that the
purported terminator between the malA and malR genes serves
as a functional promoter that activates the downstream malR

Fig. 1. Schematic representation of strategies in developing the MATE system in B. subtilis. Different expression elements, including the promoter core
region, cis-element, translational riboswitch, and chassis cell, were combinatorially optimized to generate the inducible MATE-ON and MATE-OFF systems
with robust, stringent, and homogeneous characteristics. The mal operon in B. subtilis, which is responsible for the uptake and hydrolysis of the inducer
maltose, was engineered to improve the sensitivity, long-term induction, and homogeneity of our system. The strength of the PmalA promoter was elevated
by mutagenesis and high-throughput screening, and the stringency was improved by modifying the cre-element and introducing a translational riboswitch
device. Finally, the universality and compatibility of our system were demonstrated by different applications in protein expression and synthetic biology.
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and malP genes in the presence of maltose. To test our hypoth-
esis, this 64-bp terminator-like sequence (denoted Ter) with or
without a 300-bp 30 fragment containing a truncated malA
gene was evaluated for promoter activity using pDG. The GFP
fluorescence assay (SI Appendix, Fig. S6B) showed comparable
promoter activities in these two constructs regardless of maltose
induction. This indicates that the functional promoter element
is likely located in the 64-bp Ter sequence between the malA
and malR genes rather than in the 30 malA gene. Since the fluo-
rescence signals of this promoter-like element increased upon
the induction of maltose, this Ter element is thought to also be
activated by the transcription factor MalR. To test this hypoth-
esis, two constructs, namely, pDG-Ter and pDG-malA-Ter,
were transformed into a malR-deficient strain of B. subtilis
1A751. Fluorescence assays revealed that these two constructs
completely lost their promoter activity in the malR-deficient
strain. Furthermore, to identify the functional core region of
this Ter promoter, two truncated mutants were constructed,
and their promoter activities were determined (SI Appendix,
Fig. S6 C and D). The first six nucleotides of the Ter promoter
were crucial for maintaining its activity. These six nucleotides
are probably part of the �35 region of the Ter promoter based
on the consensus sequence of rA promoters. Based on the find-
ings on the stringency and expression capacity in strains with
engineered genes of maltose utilization pathway, the
1A751ΔmalA-Ter-MalRP strain was chosen as the host cell for
the MATE-ON system.

Optimization of the MATE-ON System in Compatibility, Strin-
gency, Homogeneity, and Reproducibility. Due to the strong
CCR effect by glucose on other sugar metabolism pathways,
the activity of our MATE-ON system was also fully disrupted
in the presence of glucose. To address that, the cre was fully or

partially abolished (SI Appendix, Fig. S7A). Besides, the glucose
PTS permease gene ptsG instead of cre-binding protein gene
ccpA was deleted due to the characteristics of the B. subtilis cell
on glucose and maltose uptake (SI Appendix, Text S3). As a
result, the CCR effect was alleviated in our MATE-ON system
in the presence of up to 2% (wt/vol) glucose. Interestingly, the
disruption of the cre-box in the PmalA promoter also remarkably
improved the induction fold change of the MATE-ON system
in plasmid pMATE15-Δcre-3 (SI Appendix, Fig. S7 B and C).
Based on that, further efforts to improve the stringency of the
MATE-ON system were made (SI Appendix, Text S4 and Fig.
S8). Finally, the stringency of the system was drastically opti-
mized by employing different ON-type riboswitches, such as
lysine-ON riboswitch mutants (LysRS) or synthetic
theophylline-activated riboswitch E (TheoRS) (Fig. 2B). As a
result, the induction fold change of the optimized MATE-ON
system with the theophylline-activated riboswitch reached 790-
fold (Fig. 2C) without compromising the robustness of the sys-
tem (SI Appendix, Fig. S9). Furthermore, the homogeneity,
reproducibility, and robustness of our system were also vali-
dated by flow cytometry analysis and heterologous protein
expression. Results revealed that an ideal homogeneity and
reproducibility were observed in our system, and all nine heter-
ologous proteins could be successfully overproduced up to over
60% of the total cellular proteins (SI Appendix, Text S5 and
Figs. S10–S12).

Construction of the Maltose-Repressible MATE-OFF System.
The maltose-repressible promoter was developed by repositioning
the native malO operator between the �35 and �10 regions of
PmalA (Fig. 2A). Thereafter, to achieve an ideal robustness of the
repressive system, the �35 and �10 regions of PmalA were
mutated to the consensus sequence of the rA promoters to

Fig. 2. Stringency and compatibility evaluation of the MATE system. (A) Schematic illustration of the design of promoters in MATE-ON and MATE-OFF sys-
tems. (B) Construction of four different promoter mutants of the MATE-ON system harboring malO-OM15, cre-box mutation, or inserting the ON-type ribos-
witch LysRS59/TheoRS2. (C) Comparison of the fold induction ratio of the MATE-ON system with different promoter mutants using GFP as a reporter protein.
The solid dot and empty dot indicate the fluorescence value that was detected with or without the inducer, respectively. (D) Compatibility of the maltose-
activation and repression systems in one cell. Fluorescence reporter genes, E2-crimson and gfpmut2, were controlled by the maltose-activated promoter
(MATE-ON) and maltose-repressible promoter (MATE-OFF) simultaneously in one expression vector. Plasmids with only the activated or repressed fluores-
cence reporter gene were transformed and used as positive controls for each system.
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improve the basal activity in the absence of an inducer, generating
the prototype of the maltose-repressible MATE-OFF system.
Likewise, three maltose-repressive promoter harboring malO oper-
ator mutants, OM2, OM6, and OM15, were generated to achieve
different repression strengths (SI Appendix, Fig. S13A and Text
S2). As shown in the GFP-ssrA fluorescence assay, a remarkable
temporal repression of the reporter gene was exhibited in all four
constructs of the MATE-OFF system. However, the best repres-
sion fold change (about twofold) still needs to be improved (SI
Appendix, Fig. S13 B and C). Thus, the repressive regulation of
the synthetic PmalA promoter was enhanced by inserting an auxil-
iary malO operator downstream of the �10 region. In the pres-
ence of maltose, this auxiliary operator recruits the transcription
factor MalR, resulting in the inhibition of transcriptional initia-
tion via the formation of a DNA loop structure or blocking tran-
scriptional elongation. Two constructs harboring an auxiliary
OM6 malO operator downstream of the �10 region at different
distances (40 or 50 bp) were generated, which were denoted
pMATE-g1-06-1 and pMATE-g1-06-2 (SI Appendix, Fig. S14A).
Maximal 6-fold repression of the GFP fluorescence signal was
achieved with pMATE-g1-06-1, which is better than those
achieved with pMATE-g1-06-2 (2.6-fold) and pMATE-g1 (2-
fold). This result suggests that the introduction of an auxiliary
operator as a roadblock downstream of the transcription initiation
site of the promoter was successful, and a close distance between
the auxiliary operator and the TIS guaranteed a better fold repres-
sion and a better dynamic range of the GFP expression pattern
upon induction (SI Appendix, Fig. S14B). Another attempt to
improve the repression fold change of the MATE-OFF system
was performed by attenuating the strength of the PmalA promoter.
Three mutants, denoted pMATE-g1M1, pMATE-g1M2, and
pMATE-g1M3, were generated by site-directed mutagenesis of
the �35 region of the maltose-repressible promoter. Among these
three mutants, the pMATE-g1M2 construct exhibited the highest
repression fold change (26.7-fold). At the cost of the high repres-
sion rate, the strength of this MATE-OFF system decreased ∼1.4-
fold compared to that of pMATE-g1 (SI Appendix, Fig. S14C).
Finally, two versions of the MATE-OFF system, namely,
pMATE-g1-06-1 (6-fold repression) with high strength and
pMATE-g1M2 (26.7-fold repression) with moderate strength,
were constructed for different applications. The second MATE-
OFF system is more suitable for stringent repression-mediated
gene regulation rather than overexpression of target proteins.

Maltose-Inducible Gene Activation and Repression in a Single
Cell. To corroborate the broad applicability of the MATE
systems, we tested whether the MATE-ON and MATE-OFF sys-
tems could be compatible and bidirectionally regulated (repres-
sing and activating two different genes simultaneously) in a single
cell. To achieve this, plasmid pMATE-AcRg expressing the red
fluorescence protein Crimson (driven by the maltose-activated
promoter MATE-ON) and green fluorescence protein GFPmut2
(driven by the maltose-repressible promoter MATE-OFF) was
constructed. Fluorescence protein genes that were activated or
repressed (pMATE-Ac and pMATE-Rg) in two separate plasmids
were used as controls. The results indicate that after induction by
a gradually increasing concentration of maltose, cells harboring
pMATE-AcRg demonstrated increasing green fluorescence and
decreasing red fluorescence simultaneously (Fig. 2D). In addition,
both the activation and repression systems showed signal
strengths comparable to those of the individual expression con-
trols. These results indicated that the MATE-ON and MATE-
OFF systems could coexist in a single cell without apparent
mutual interference.

Exploitation of the malO Operator as a Promoter Enhancer.
Modification of native promoters to build complex regulatory
systems with varying performance is of great interest. To gain
insights into the regulatory mechanisms of the cis-elements in
promoter activation, we investigated the relationship between
operator architecture and promoter activity (SI Appendix, Text
S6). We proved that there is an obvious negative correlation
between the number of auxiliary operators and the promoter
activities (SI Appendix, Fig. S15 A and B), which may be
explained by the oligomeric form of the transcriptional activa-
tor MalR (SI Appendix, Fig. S16). Moreover, when an auxiliary
malO was positioned upstream of the promoter at different dis-
tances, an oscillating pattern of promoter activities was
observed (SI Appendix, Fig. S15C), and a promoter enhancing
phenomenon (1.58- to 2.84-fold) appeared when the auxiliary
operator positioned at a specific distance upstreaming of the
target promoter (SI Appendix, Fig. S15 C and D). These find-
ings indicate that the malO operator could be exploited as a
universal enhancer element for promoters.

Considering the potential of employing the interaction
between malO and MalR as a promoter enhancer, this strategy
was further validated in practical applications. Our previous
studies have shown that up-regulation of specific chaperones
can drastically improve the expression level of target proteins
(43, 44). Hence, two proteins whose production was markedly
affected by chaperone assistance, alpha-amylase (AmyL) from
B. licheniformis and fibroblast growth factor FGF21 from
Homo sapiens, were chosen as the target proteins. The two
genes, amyL and hFGF21, were constitutively expressed in B.
subtilis under the control of the PaprE and PHpaII promoters,
respectively. In contrast to employing constitutive or inducible
promoters to control the corresponding chaperones PrsA and
DnaK, the operator malO was used to enhance the activity of
the chaperone’s native promoter. The major benefit of this
strategy is that the insertion of malO barely alters the basal
activity of the native promoter in the absence of the inducer,
avoiding potentially negative side effects on the host cells (45).
To achieve this, the activation windows based on the distance
between the auxiliary malO and the TATA box of each of the
promoters PprsA and PhrcA were determined by measuring the
fluorescence of gfpmut2 fused to the C terminus of the protein
of interest (Fig. 3A). For the promoter PprsA, the activation win-
dow was the malO positioned 50, 300, and 375 nucleotides
(nt) upstream of the TATA box, resulting in 1.88-, 1.93-, and
2.35-fold enhancement of promoter activity, respectively, in
the presence of maltose (Fig. 3B). For PhrcA, the activation win-
dow was the malO positioned 195, 245, and 325 nt upstream
of the TATA box, resulting in 1.93-, 2.80-, and 2.86-fold
improvement in promoter activity, respectively, upon induction
by maltose (Fig. 3C). Moreover, the basal activities of the two
synthetic promoters were comparable to those of the respective
native forms. After the activation windows were determined,
the synthetic promoters with optimized auxiliary malO distan-
ces were employed in AmyL- and FGF21-producing strains,
controlling the chaperone genes prsA and dnaK in the genome,
respectively. Production of amylase and FGF21 was markedly
improved due to the up-regulated chaperones (SI Appendix,
Fig. S17 A and B). Taken together, operator-mediated activa-
tion is a useful strategy to modify the activities of bacterial
native promoters with minimal influence on their architecture.

Utilizing the MATE System as a Gene Switch. As another
potential application of the MATE-ON/OFF system in gene
function studies, the expression of physiologically important
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genes was regulated as an example. The divIVA gene encoding
a cell division–initiating protein in B. subtilis was chosen to
establish conditional morphology-deficient mutants by using
the MATE system. The divIVA gene encodes a coiled-coil pro-
tein that has a critical role in the initiation of cell division (Fig.
4A) (46). A distinct filamentary morphology was observed in
the divIVA-deficient strain. To explore the effect of inducible
regulation of phenotype, a copy of the divIVA gene was placed
under the control of the maltose-activated or maltose-
repressible promoter and then integrated into the genome of
the divIVA-deficient strain at the amyE locus by the pDivOn or
pDivOff plasmid (Fig. 4B). The resulting strains, namely,
ΔdivIVA-divOn and ΔdivIVA-divOff, were able to express the
divIVA gene under different induction conditions, comple-
menting the deficient phenotype and restoring normal mor-
phology. In the absence of the inducer maltose, the extra copy
of the divIVA gene was tightly repressed or activated in strains
ΔdivIVA-divOn and ΔdivIVA-divOff, leading to the formation
of a filamentous or rod-shaped morphology, respectively. Once
the inducer maltose was added to ΔdivIVA-divOn or ΔdivIVA-
divOff cultures, the expression of divIVA was successfully acti-
vated or it repressed divIVA expression, respectively, leading to
the switching of the cell appearance from filamentous to rod-
shaped or vice versa (Fig. 4C). Besides, the addition of xylose
or glucose to the culture medium did not change the morphol-
ogy of the cells, indicating that the switching of the morphol-
ogy was not affected by supplementation with a carbon source
in the cell culture. Thus, the stringent gene activation or repres-
sion characteristics of the MATE system could be utilized as a

promising tool for regulating expression of genes including the
essential genes.

Regulation of Riboflavin Biosynthesis Using the MATE-ON/
OFF System. Next, the MATE-ON/OFF system was tested in a
metabolic engineering application to see whether it can be used
for controlling and maximizing metabolic fluxes toward prod-
ucts of interest in B. subtilis. The biosynthesis of riboflavin
(vitamin B2) was chosen as an example. Riboflavin is a crucial
micronutrient that is a precursor to the coenzymes flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD)
and is required for biochemical reactions in all living cells (47).
The biosynthetic pathway of riboflavin was engineered by the
MATE-ON/OFF system as follows (Fig. 5A): First, an artificial
rib operon comprising five genes, namely, ribD, ribE, ribA,
ribH, and ribT, responsible for the biosynthesis of riboflavin
from GTP and ribulose-5-P, was constructed in pMATE15
under the control of the CCR-alleviated maltose-activated pro-
moter PmalA-Δcre3, generating the ΔATRP-RibOn strain (Fig.
5B). Second, the native promoter of the ribC gene, which enco-
des an essential bifunctional flavokinase/FAD synthetase, was
replaced by the maltose-repressible promoter PmalA-g1M2 to
minimize the conversion of the produced riboflavin to FAD
and FMN, generating the ΔATRP-RibOn-RibCOff strain (Fig.
5B). Little to no riboflavin was produced in the ΔATRP-
RibOn strain in the absence of maltose, whereas the distinct
yellow color representing riboflavin production was observed in
the presence of maltose (Fig. 5D). The significant difference in
broth color indicated that the biosynthesis of riboflavin was

Fig. 3. Characterization and application of the malO operator in inducible tuning of promoter strength in B. subtilis. (A) Conceptual diagram of the malO
operator employed as an inducible enhancer in modifying promoter strength. Alpha-amylase and human FGF21 served as proteins of interest, and their
necessary chaperones, PrsA and DnaK, were selected to help fine-tune protein expression levels of the proteins of interest. The effects of different nucleo-
tide distances between the inserted malO operator and the native promoter PprsA (B) and promoter PhrcA (C) were investigated to determine optimal place-
ment of the operator to promote GFP expression with (I) or without (UI) the inducer maltose. Subsequently, the malO operator with the optimal distance
was inserted upstream of the promoters PprsA and PhrcA.
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tightly controlled by the MATE-ON system in the ΔATRP-
RibOn strain. Finally, the titer of riboflavin in the ΔATRP-
RibOn strain was improved from an undetectable level to
343.8 mg/L by simply up-regulating the expression of the rib
operon via the MATE-ON system. Furthermore, by combina-
torially employing the MATE-OFF system to inducibly down-
regulate the expression of the ribC gene in ΔATRP-RibOn-
RibCOff, the production of riboflavin was further improved to
503.3 mg/L in 72 h of fermentation (Fig. 5C). This result con-
firmed that the MATE-ON/OFF system could inducibly regu-
late the biosynthetic pathway of riboflavin cooperatively, which
is a useful characteristic for metabolic engineering applications.

Fine-Tuning of the Violacein Biosynthetic Pathway Using the
MATE System. After we successfully applied the MATE-ON/
OFF system for controlling the native biosynthetic pathway
flux, a heterologous biosynthetic pathway that produces viola-
cein was chosen as another example. Since violacein displays a
strong inhibitory effect on gram-positive bacteria by penetrat-
ing the cytoplasmic membrane of cells (48), successful biosyn-
thesis of violacein in B. subtilis is a good challenge to validate
the stringency and robustness of the MATE system; the syn-
thetic pathway of toxic violacein must be controlled precisely
and stringently. Another challenge is that the violacein pro-
duction pathway is encoded by an ∼7.4-kb operon that
encodes five heterologous enzymes from Chromobacterium vio-
laceum, including the large (111.3 kDa) rate-limiting enzyme
VioB (49).
To construct and optimize the violacein biosynthesis path-

way in B. subtilis, an artificial vioABCDE operon was assembled
and controlled by the genetic elements from the MATE-ON
system (SI Appendix, Text S7). The purple color of the colonies
on the agar plate indicated the successful biosynthesis of viola-
cein in B. subtilis in the presence of the inducer maltose (SI

Appendix, Fig. S18). Besides, the growth inhibition curve of the
violacein-producing strain 1A751-pVio demonstrated that the
vioABCDE operon was tightly controlled by the maltose-
activated promoter from the MATE-ON system (SI Appendix,
Fig. S19). To further improve the production of violacein in B.
subtilis, the L-tryptophan pool in the host cell, which is the
direct substrate of violacein biosynthesis, needs to be increased
together with the vioABCDE artificial operon under the induc-
tion of maltose. To achieve that, the L-tryptophan pathway
and the shunt pathway for L-phenylalanine and L-tyrosine bio-
synthesis were regulated by the MATE-ON and MATE-OFF
system, respectively (Fig. 5 E and F), generating strains TrpOp-
pVio and Chor-pVio (SI Appendix, Text S7). As a result, the
concentrations of L-tryptophan in these two engineered strains
were improved by 24.2% and 73.7%, respectively, compared
with the parent pVio strain (SI Appendix, Fig. S21). The titers
of violacein were also improved by 202.6% and 303.1%,
respectively, compared with that obtained with the pVio strain
(Fig. 5 G and H). Moreover, we also proved that the biosyn-
thetic pathway could be fine-tuned by genetic elements with
different strengths from the MATE-ON/OFF system (SI
Appendix, Text S7). In our example, five genetic elements from
the MATE-ON or MATE-OFF system with different activa-
tion or repressive strengths were employed in regulation of the
shikimate pathway. As expected, violacein production gradually
increased from 139.7 to 341.3 mg/L after 48 h of fermentation
when the trp operon was controlled by MATE-ON promoters
with increasing activation strength (SI Appendix, Fig. S22A).
Of the strains in which the aroH gene was controlled by the
MATE-OFF elements with low repression strengths (q12, b6,
and g1), lower levels of violacein production were observed
compared with those obtained with the elements with strong
repression strengths (SI Appendix, Fig. S22B). Taken together,
genetic elements from the MATE-ON/OFF system with

Fig. 4. Utilizing the MATE system as a gene switch in controlling cell morphology. (A) The role of DivIVA in regulating cell division in B. subtilis. (B) Cells defi-
cient in the divIVA gene were rescued by integrating a copy of the divIVA gene controlled by the maltose-activated (pDivOn) or -repressible (pDivOff) pro-
moter in different plasmids. (C) MATE-ON and MATE-OFF control of B. subtilis cell morphology. Wild-type (WT), ΔdivIVA, and ΔdivIVA cells harboring a copy of
the divIVA gene controlled by the activated or repressible promoter were grown in the presence or absence of the inducer maltose. To exclude the potential
effect of maltose as a carbon source on cell growth or morphology, xylose and glucose were supplemented as controls. Cells are shown at 60× magnifica-
tion. (Scale bar, 10 lm.)
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varying activation and repression strengths can be configured as
adjustable valves to precisely modify metabolic fluxes.

Discussion

The availability of well-characterized genetic elements that are
able to precisely regulate target genes or pathways is essential
for numerous applications in synthetic biology and metabolic
engineering. By combinatorial assembly of these elements as a
multifunctional toolkit, it is feasible to modify cellular

behaviors as desired and exploit the bacteria as workhorses for
the production of chemicals and proteins of interest. In con-
trast to the gram-negative model bacterium E. coli, such ele-
ments are lacking in the gram-positive model bacterium B.
subtilis, an important bacterium for basic research and indus-
trial applications. Although several genetic elements have
recently been developed for B. subtilis, there remain issues asso-
ciated with these regulatory devices regarding the insufficiency
of dual switchable controls, the contradiction between the strin-
gency and robustness of the system, and the practicability of

Fig. 5. Combinatorial optimization of the riboflavin and violacein biosynthesis pathways employing the MATE system in B. subtilis. (A) Schematic of the strat-
egy to optimize the biosynthesis pathway of riboflavin with the MATE-ON and MATE-OFF regulatory system in B. subtilis. (B) Genetic manipulation of the rib
operon and ribC gene with elements from the MATE-ON and MATE-OFF system in B. subtilis. (C) Riboflavin production by the engineered and control strains
during 72 h of shake flask cultivation. (D) Cultures of riboflavin-producing strains after 72 h. The strain harboring an empty plasmid pMATE15 served as a
negative control (NC). The plus and minus characters in parentheses indicate cultivation with and without 1% (wt/vol) maltose as inducer, respectively. (E)
Schematic of the strategy to optimize the biosynthesis pathway of L-tryptophan with the MATE-ON and MATE-OFF regulatory system in B. subtilis. (F) Design
of the artificial violacein biosynthesis operon (pVio), inducible activated trp operon (TrpOp), and inducible repressive aroH gene (Chor) using elements from
the MATE system in B. subtilis. (G) Violacein production by three engineered strains, pVio, TrpOp-pVio, and Chor-pVio, after 48 h of shake flask cultivation. (H)
Cultures of violacein-producing strains after 48 h. The strain harboring an empty plasmid pMATE15 served as a negative control.
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the system in large-scale industrial production. These issues
drastically slow down the application of B. subtilis as a universal
chassis strain for synthetic biology and metabolic engineering
applications.
In this study, we explored the feasibility of exploiting the

malO operator, which binds the transcription factor MalR and
activates the PmalA promoter, as an inducible ON/OFF genetic
toolbox to either activate or repress the expression of target
genes in B. subtilis. To achieve this, as the foundation of the
MATE-ON/OFF system, the malO operator sequence in B.
subtilis was first identified by truncation analysis and homolo-
gous sequence alignment in different Bacillus species. By screen-
ing a library of malO operator mutants through GFP-based cell
sorting, promoter mutants with drastically improved activity
were obtained. Previous studies reported that the uptake rate of
inducer molecules (50, 51) and the titration of transcription
factors (52) are key factors affecting the sensitivity, dynamic
range, and homogeneity of inducible expression systems. Thus,
the parent strain was engineered to meet the demand for a
robust expression system with ideal homogeneity and repeat-
ability. Finally, the maltose-inducible MATE-ON/OFF system
was established by replacing or repositioning the native malO
operator in the promoter PmalA with selected mutants. Tran-
scription factor MalR was recruiting as activator or competitor
for the RNA polymerase, resulting in the transcription initia-
tion or disruption of the target gene in the presence of maltose.
For an inducible regulatory system utilizing sugar or sugar

alcohol as inducer, the CCR effect is one of the most barrier
that limits the wide application of these systems in industrial
fields. Several attempts were made to abolish the CCR effect by
eliminating CcpA. However, as a global regulator in carbon
catabolism, CcpA occasionally functions as a positive/negative
effector of other genes as well (53). Moreover, Moreno et al.
reported that the activity of PmalA could not be fully recovered
in a ccpA-deficient B. subtilis strain in the presence of maltose
and glucose, and the strength of the promoter was lower than
that in the wild-type strain in the presence of maltose (54).
Thus, another strategy to alleviate the CCR effect by partially
or fully removing the cre-box within the PmalA promoter was
explored. A previous study reported that the PtsGHI transport
system contributes to ∼60% of the glucose transport in B. sub-
tilis (55). In a PtsGHI-deficient strain, glucose was still trans-
ported by GlcP and GlcU transporters. Thus, in combination
with the effort on the cre-box, the ptsG gene was eliminated to
decrease the rate of glucose uptake and slightly improve the
efficiency of maltose transport (41). As a result, the CCR effect
was fully alleviated even in the presence of 20 g/L glucose.
Unsurprisingly, due to the increasing copy number of cas-

settes (from a single copy to ∼40 to 50 copies per cell), notable
leaky expression was observed in the MATE-ON system. Inter-
estingly, the promoter mutant with the modified cre-box
showed an obvious improvement in stringency, and the induc-
tion fold change was improved from 2-fold to 45-fold. The
GFP assay revealed that the mutation in the cre-box not only
improved the system stringency but also slightly affected the
activity of the promoter. A similar phenomenon was also
observed in a previous study where the mutation in the cre-box
could enhance the activity of the promoter by mimicking the
UP element and stimulating the interaction between the pro-
moter and RNAP (56). However, in our case, the cre-box was
positioned downstream of the �10 region, and the comple-
mentary mutation did not change the GC content in this
region. One reasonable explanation that needs verification is
that an encrypted cis-element was placed in a position that

overlapped with the cre-box. Either deletion or complementary
mutagenesis would decrease the leaky expression level of the
promoter.

Meanwhile, to increase the dynamic range of the MATE-ON
system, a transcription–translation dual controlling system was
established by intercalating ON-type riboswitches (lysine-ON RS
or theophylline-ON RS) downstream of the PmalA promoter. As a
result, the induction fold change of the MATE-ON system was
improved to 260-fold and 790-fold, respectively. Remarkably, the
efforts made in increasing the stringency of our system do not
compromise the robustness of the system, which could meet the
demands for high stringency and robustness of gene regulation in
synthetic biology. For the MATE-OFF system, although the
strength of genetic elements was strong enough in the absence of
an inducer, the fold change of this repressive system was not ideal.
To solve this problem, an auxiliary malO operator was inserted
downstream of the �10 region to further inhibit transcription
elongation. Finally, via combination with a strategy for attenuat-
ing the strength of PmalA, the repression fold change could be
improved by up to 26.7-fold and showed ideal dose-dependent
repression with the maltose inducer. These results are consistent
with the findings from using other tandem operators that report-
edly form a complex DNA loop structure by binding the homo-
multimerized transcription factor at different angles (57), resulting
in improved steric hindrance to block transcription initiation and
elongation.

To expand the activation effect of the malO operator in other
promoters in B. subtilis, characteristics of positioning duplicated
operators with different copies or varied distances upstream of
the target promoter were explored. By inserting multiple opera-
tors ahead of the native PmalA promoter, we expected to observe
increasing concentrations of the transcription activator MalR,
which is recruited by tandem operators, which would further
improve the activity of these synthetic promoters. However, syn-
thetic promoters with more auxiliary operators exhibited lower
activity in the presence of maltose, indicating that a potential
complex DNA structure might have been formed in the pro-
moter architecture. Repressor tetramers, such as LacI, might
bind with auxiliary operators through a DNA loop structure
(57–59). Thus, the greater the number of auxiliary operators
positioned upstream of the native operator, the greater the possi-
bility of DNA looping to occur in the promoter region, impair-
ing its activity upon induction. Alternatively, this mechanism
can be employed as a strategy to rapidly generate a series of pro-
moters with different activities, since the strengths of PmalA and
its derived mutants were powerful enough. Furthermore, a
distance-dependent activation effect of malO placed upstream of
the TATA box in different promoters was determined and
exploited in B. subtilis. Similar to the phenomenon found in
transcription repressors in E. coli (59), an oscillating pattern of
promoter activity was observed in promoter mutants with differ-
ent distances between auxiliary malO operators. However, no
similar mechanism has been reported for transcription activators
in bacteria, which motivated us to investigate auxiliary operators
with greater distances. We could identify an activation window
in a mutant with an auxiliary operator positioned far enough
from the core region of the promoter. We then verified its acti-
vation potential in other promoters, such as Pr from ribD, PhrcA,
and PprsA, and presented a universal strategy of activation in the
overexpression of fluorescence protein or chaperones among
these promoters in B. subtilis. By utilizing this feature, improve-
ment in the expression levels of multiple genes could be achieved
by using just one inducer. Furthermore, consistent basal activity
among these promoters in the absence of an inducer is another
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advantage when optimizing gene regulatory networks in syn-
thetic biology and metabolic engineering studies.
In summary, the MATE-ON/OFF system has several advan-

tages compared to other inducible gene expression systems in
B. subtilis. First, the system is very simple and efficient, as it
requires only modified promoters with different malO sequen-
ces to achieve inducible or repressible regulation of target genes.
Second, the CCR effect is fully abolished without compromis-
ing promoter strength. Third, both the maltose-inducible and
maltose-repressible systems can function simultaneously in a
single cell with negligible interference. Fourth, the robust sys-
tem allows production of target proteins accounting for over
60% of the total cellular proteins and also has a wide dynamic
range (790-fold). To the best of our knowledge, this is a dem-
onstration that modification of a single operator, instead of the
transcription factor, can positively and negatively regulate target
genes within a single cell in response to a single inducer in B.
subtilis. We further demonstrated that this system can be a use-
ful toolbox for synthetic biology and metabolic engineering
applications. As demonstrated in the examples of producing
riboflavin and violacein, the operon and pathways branching
from the major biosynthetic pathway could be tightly con-
trolled by the stringent MATE-ON/OFF systems simulta-
neously upon maltose-mediated induction, resulting in the
strong promotion of riboflavin and violacein production in B.
subtilis. Therefore, the stringent ON and OFF switch of this
system will be a valuable tool for applications that require
precise control of gene expression. This system can also be uti-
lized as a gene switch to establish a more complex gene circuit
in synthetic biology applications. Moreover, the malO-based

ON/OFF approach shown here represents a starting point for
systematic exploration of the repository of functional prokary-
otic promoters. It is expected that this scalable approach will
pave a new way forward to generate more flexible and orthogo-
nal operator-based genetic devices and parts. The availability of
such toolboxes will help expedite our attempts to solve complex
biological problems and expand the applications of B. subtilis.

Materials and Methods

All of the materials and methods used in this study are detailed in SI Appendix,
Materials and Methods, including strains and growth conditions, construction of
plasmids, construction of an operator mutant library, high-throughput screening,
genome manipulation, homogeneity and reproducibility analysis, standard curve
(SI Appendix, Fig. S20), PAGE analysis, and analytical methods.

Data Availability. All study data are included in the article and/or supporting
information.
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