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a b s t r a c t

Bacillus thuringiensis produces crystal proteins (Cry) that account for up to 25% of the dry cell weight
during the stationary phase. The high-level expression and stationary phase-specific autoinduction of the
cry gene led to development of a cry promoter-based Bacillus expression system. Among the various cry
eywords:
acillus thuringiensis cry3Aa
xpression system
romoter modification

promoters, cry3Aa promoter was selected by comparing the lacZ expression levels in Bacillus subtilis. An
extracellular enzyme cellulase was highly upregulated during the stationary phase while under control of
the cry3Aa promoter. Improvement of the cry3Aa promoter was obtained by modification of the promoter
sequence. Specifically, a 5-fold increase in lacZ expression was obtained by changing both the −35 and
−10 boxes of the cry3Aa promoter to the consensus sequence of the �A-dependent promoter of B. subtilis.
The modified cry3Aa promoter produced a significantly higher yield of AprE, which suggests that the

or hig
acillus subtilis promoter may be useful f

. Introduction

Bacillus species are the most important strains for the pro-
uction of industrial enzymes because approximately 60% of the
ommercially available enzymes are produced by these organisms
Westers et al., 2004). Among the Bacillus species, B. subtilis is an
ttractive expression host due to its GRAS (generally recognized
s safe) status, efficient protein secretion, and the large amount of
nformation available concerning its genetics, physiology and large-
cale fermentation processes (Schallmey et al., 2004; Schumann,
007). Three types of promoters have been used for high-level
ene expression in B. subtilis, inducer-specific promoters, growth
hase- and stress-specific promoters, and autoinducible promot-
rs (Schumann, 2007). Although inducer-dependent promoters are
he most widely used, autoinducible promoters are more suitable
or large-scale protein production. However, currently available
utoinducible promoters still require specific culture conditions or
mposition of a specific stress factor (Schumann, 2007). Here, we
onstructed a Bacillus autoinducible expression system that did not
equire specific medium or stress factor using a promoter of the B.
huringiensis crystal protein gene.
B. thuringiensis produces insecticidal proteins during the sta-
ionary phase, which accumulate in the mother cell as a crystal
nclusion that can account for up to 25% of the dry weight of
he sporulated cells (Agaisse and Lereclus, 1995). To date, more
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than 450 crystal protein genes have been isolated and sequenced
(http://www.lifesci.sussex.ac.uk/home/Neil Crickmore/Bt/). The
sporulation-dependent cry1Aa gene has been transcribed by a
form of RNA polymerase containing an alternative sigma factor,
�35 and �28, and their deduced amino acid sequences showed 88
and 85% identities with �E and �K of B. subtilis, respectively (Brown
and Whiteley, 1988; Brown and Whiteley, 1990; Adams et al.,
1991). Many other cry genes are also transcribed by sigma factor
�35 and/or �28 (Agaisse and Lereclus, 1995). However, the cry3Aa
promoter is similar to other promoters recognized by the primary
sigma factor of vegetative cells, �A (Agaisse and Lereclus, 1994b).
The expression of cry3Aa is not dependent on sporulation-specific
sigma factors in B. subtilis (Agaisse and Lereclus, 1994a) or B.
thuringiensis (Lereclus et al., 1995). In this study, we screened cry
promoters and selected the cry3Aa promoter for development of
the Bacillus autoinduction expression system. The improved cry3Aa
promoters were obtained by changing the −35 and −10 boxes
to the consensus sequence of the �A-dependent promoter of B.
subtilis. The modified cry3Aa promoters successfully overexpressed
AprE.

2. Materials and methods

2.1. Strains and culture condition
The Bacillus subtilis strains used in this study are shown in
Table 1. E. coli MC1061 was used as a general cloning host. B.
thuringiensis strains and B. subtilis 1A165 were obtained from the
Bacillus Genetics Stock Center in Ohio, USA. B. thuringiensis BR31

dx.doi.org/10.1016/j.jbiotec.2010.06.021
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Table 1
Bacillus subtilis strains and primers used in this study.

Strain or primer Relevant genotype or sequencea Source or referenceb

Strain
168 trpC2 Laboratory stock
1A165 trpC2 degU32 BGSC
OAM145 trpC2 leuC7 amyE::aprE-lacZ(-412

[SG35.18])
Ogura et al. (2004)

BS2001 trpC2 amyE::cry1Aa-lacZ pD1Aa-lacZ tf 168
BS2039 trpC2 amyE::cry11Aa-lacZ pD11Aa-lacZ tf 168
BS2040 trpC2 amyE::cry1Ac-lacZ pD1Ac-lacZ tf 168
BS2041 trpC2 amyE::cry15Aa-lacZ pD15Aa-lacZ tf 168
BS2042 trpC2 amyE::cyt1Aa-lacZ pDcyt1Aa-lacZ tf 168
BS2204 trpC2 amyE::aprE-lacZ OAM145 tf 168
BS2205 trpC2 degU32 amyE::aprE-lacZ OAM145 tf 1A165
BS2147 trpC2 amyE::cry3Aa-lacZ pD32 tf 168
BS2148 trpC2 amyE::P52-lacZ pD52 tf 168
BS2149 trpC2 amyE::P82-lacZ pD82 tf 168
BS2150 trpC2 amyE::P92-lacZ pD92 tf 168
BS2153 trpC2 amyE::cry3Aa-aprE pD32-aprE tf 168
BS2154 trpC2 amyE::P52-aprE pD52-aprE tf 168
BS2155 trpC2 amyE::P82-aprE pD82-aprE tf 168
BS2156 trpC2 amyE::P92-aprE pD92-aprE tf 168
BS5055 trpC2 amyE::cry3Aa-bglC pD32-bglC tf 168

Primer
cry1Aa-F tttgaattcctcttcctatatttactttgcc
cry1Aa-R atggatccatccataagttacctccatctc
cry1Ac-F ggaattctgcaggtaaatggttctaac
cry1Ac-R atggatcccctaacacaaatccagcacc
cry11Aa-F ggaattctatagttcgaaagatgcctg
cry11Aa-R atggatcctgagactacacaacaaaatg
cry15Aa-F ggaattcagattctatatctcataacc
cry15Aa-R atggatccccattttgccgactccattg
cyt1Aa-F agaattcttctctgaataaatgctac
cyt1Aa-R atggatccacctttatatcttctaatgg
stab-F ataagatctactagttcttgaaaggagggatgcc
stab-R2 ataggatccttttcttcctccctttc
cry3Aa-F3 atagaattcgtgctttttttgttgcaattg

aagaattattaatgttaag
cry3Aa-F5 atagaattcgtgctttttttgttgacattgaag

aattattaatgttaag
cry3Aa-F8 agaattcgtgctttttttgttgacattgaagaattattaatgttataat

taattaaagataatatctttgaattg
cry3Aa-F9 agaattcgtgctttttttgttgacattgaagaattttaatgttataatt

aattaaagataatatctttgaattg
cry3Aa-R2 tatactagtaaataatttatacactattctattgg
aprE-F1 ataggatccatgagaagcaaaaaattgtg
aprE-R1 atacgtacgttattgtgcagctgcttgtac
bglC1 ataggatccgtgtagagccaaaatgatg
bglC2 atacgtacgtctttttgatgctggatgtc

c
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a Underlined sequences indicate synthetic restriction sites.
b tf, the indicated chromosomal DNA or plasmid was used to transform the indi-

ated recipient strain.

ctive against coleoptera was isolated from a phylloplane in Korea
Park et al., 1997). Transformation of B. subtilis was conducted using
previously described method (Harwood and Cutting, 1990). Bacil-

us cells were grown in LB and Difco sporulation medium (DSM)
Harwood and Cutting, 1990) for subsequent enzyme assay.

.2. Plasmids

The primers used in this study are listed in Table 1. The
romoters of cry1Aa, cry1Ac, cry11Aa, cry15Aa and cyt1Aa were
mplified by PCR using the Expand High Fidelity PCR system (Roche
olecular Biochemicals, Mannheim, Germany) and the follow-

ng primer sets: cry1Aa-F/cry1Aa-R for cry1Aa, cry1Ac-F/cry1Ac-R

or cry1Ac, cry11Aa-F/cry11Aa-R for cry11Aa, cry15Aa-F/cry15Aa-

for cry15Aa, and cyt1Aa-F/cyt1Aa-R for cyt1Aa. In the case
f cry11Aa, the gene is part of an operon and its promoter is
ocated upstream of the P19 gene, which is the first gene in the
peron (Dervyn et al., 1995). The PCR templates used included
nology 149 (2010) 16–20 17

chromosomes of B. thuringiensis kurstaki HD1 (BGSC code 4D1)
for cry1Aa, B. thuringiensis kurstaki HD73 (BGSC code 4D4) for
cry1Ac, B. thuringiensis israelensis (BGSC code 4Q1) for cry11Aa and
cyt1Aa, and B. thuringiensis thompsoni (BGSC code 4O1) for cry15Aa.
PCR products containing cry promoters were digested with EcoRI
and BamHI and then inserted into the EcoRI/BamHI sites of plas-
mid pDG1661 (Guerout-Fleury et al., 1996) to construct plasmids
pD1Aa-lacZ, pD1Ac-lacZ, pD11Aa-lacZ, pD15Aa-lacZ and pDcyt1Aa-
lacZ. The cry3Aa promoter and stab from the chromosome of B.
thuringiensis isolate BR31 were amplified by PCR using primer sets
cry3Aa-F3/cry3Aa-R2 and stab-F/stab-R2, respectively. Nucleotide
sequence analysis showed that the sequence of the cry3Aa pro-
moter in this study was identical to that of a previously reported
cry3Aa promoter (de Souza et al., 1993). The amplified PCR prod-
ucts containing cry3Aa promoter and stab were digested with
EcoRI/SpeI and SpeI/BamHI, after which they were inserted into the
EcoRI/BamHI sites of plasmid pDG1661 to construct pD32. The bglC
gene was amplified by PCR using primers bglC1 and bglC2 from
the chromosome of B. subtilis 168. The PCR product was digested
with BamHI and BsiWI followed by insertion into the corresponding
sites of plasmid pD32 to construct pD32-bglC. The mutant cry3Aa
promoters, P52, P82 and P92, were amplified from plasmid pD32 by
PCR using the primer sets cry3Aa-F5/stab-R2, cry3Aa-F8/stab-R2
and cry3Aa-F9/stab-R2, respectively. The PCR products were then
digested with EcoRI and BamHI, after which they were inserted into
the corresponding sites of plasmid pDG1661 to construct pD52,
pD82 and pD92. The aprE gene was amplified by PCR with primers
aprE-F1 and aprE-R1 from the chromosome of B. subtilis 168. The
PCR product was then digested with BamHI and BsiWI and inserted
into the corresponding sites of plasmids pD32, pD52, pD82 and
pD92 to construct pD32-aprE, pD52-aprE, pD82-aprE and pD92-
aprE, respectively. All promoters constructed were confirmed by
sequencing.

2.3. Enzyme assays

For the �-galactosidase assay, overnight cultures grown in 1 ml
of LB medium were diluted 100-fold in fresh DSM medium and then
grown at 37 ◦C with shaking at 200 rpm. Samples were collected at
hourly intervals to determine the optical density at 600 nm. The
�-galactosidase activity was determined as previously described
(Miller, 1972), and the highest value recorded during stationary
phase between T1 and T6 was used. For the protease assay, B.
subtilis strains containing pD32-aprE, pD52-aprE, pD82-aprE and
pD92-aprE were cultured at 37 ◦C for 16 h in 1 ml of LB medium
and then centrifuged to obtain the supernatants. Next, azocasein
(Sigma) was dissolved at a concentration of 2% in assay buffer con-
taining 0.1 M sodium chloride, 0.01 M PIPES, 1 × 10−6 M zinc acetate
and 5 mM calcium chloride (pH7). The azocasein solution (300 �l)
was then mixed with 50 �l of the supernatants from the Bacillus cul-
tures and incubated in a 37 ◦C water bath for 1 h. The reactions were
stopped by adding 1.2 ml of 10% trichloroacetic acid, after which the
reaction mixtures were allowed to stand at ambient temperature
for 30 min. The tubes were then centrifuged for 3 min at 8000 × g,
after which 600 �l of each supernatant were added to 700 �l of
1 M NaOH. The absorbance at 440 nm was then determined using a
spectrophotometer.

3. Results
3.1. Screening of cry promoters

The expression of lacZ under the control of sporulation-
dependent cry promoters and the sporulation-independent cry3Aa
promoter were compared in B. subtilis. The results showed that
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Table 2
�-Galactosidase expression from lacZ fusions.

lacZ fusiona Relevant genotype �-Galactosidase activity
(Miller unitsb)

Relative activity with
respect to aprE

cry1Aa Wild-type 240.2 (±23.0) 0.93
cry1Ac Wild-type 117.0 (±17.6) 0.45
cry3Aa Wild-type 1002.2 (±41.2) 3.86
cry11Aa Wild-type 80.4 (±6.3) 0.31
cry15Aa Wild-type 42.5 (±8.7) 0.16
cyt1Aa Wild-type 153.3 (±2.7) 0.59
aprE Wild-type 259.6 (±28.3) 1
aprE degU32 3589.8 (±104.3) 13.83
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promoter, even higher than the aprE promoter under the degU32
genetic background (Table 3). While the length of spacer between
the −35 and −10 boxes of cry3Aa promoter is 18 bases, the optimal
spacer length of �A-dependent promoters in B. subtilis is 17 bases.

Table 3
�-Galactosidase expression from modified cry3Aa-lacZ fusions.

lacZ fusion �-Galactosidase
activity (Miller unitsa)

Relative activity with
respect to cry3Aa

cry3Aa 1002.2 (±41.2) 1

F
e

a The aprE promoter was fused translationally to the lacZ while others were fused
opy at the amyE locus.

b Values shown are the averages (±standard deviation) of three independent exp

acZ expression from the cry3Aa promoter was significantly higher
han that of the sporulation-dependent promoters (Table 2). We
ompared the promoter strength of cry3Aa with that of the well-
nown aprE promoter (Ogura et al., 2004). It has been reported
hat protein expression from the aprE promoter increased signifi-
antly in cells with the degU32 genetic background (Olmos et al.,
996). Our results showed that lacZ expression induced by the
ry3Aa promoter was 3.86-fold higher than the expression induced
y the aprE promoter in wild-type and 3.58-fold less than that
f aprE promoter in degU32 cells (Table 2). Therefore, the cry3Aa
romoter was selected for the development of Bacillus expression
ystem.

.2. Expression of cellulase using the cry3Aa promoter

The cry3Aa promoter was used for the expression
f an extracellular enzyme. B. subtilis bglC encoding cellulase
as cloned under the control of the cry3Aa promoter. B. subtilis

ells harboring bglC under the control of cry3Aa promoter inte-
rated into the amyE locus of the chromosome were cultured
n DSM and harvested at various times. The expression of the
ellulase was then measured by SDS-PAGE analysis of the cul-

ure supernatants. The results revealed that cellulase was highly
xpressed during the stationary phase (Fig. 1). Based on these
esults and the intracellular lacZ expression described above, the
ry3Aa promoter can be used to induce the expression of both
ntracellular and extracellular proteins in B. subtilis.

ig. 1. Analysis of culture supernatants of wild-type B. subtilis 168 (A) and B. subtilis c
xpression. 200 �l of culture supernatant was concentrated and put on a 12% (w/v) polya
riptionally. The indicated lacZ fusion was integrated into the chromosome in single

nts.

3.3. Modification of the cry3Aa promoter

The �A-dependent cry3Aa promoter contains the nucleotide
sequences TTGCAA and TAAGCT in its −35 and −10 boxes, respec-
tively. These sequences do not match perfectly with the consensus
sequences of the −35 and −10 boxes of the �A-dependent pro-
moters in B. subtilis, which are TTGACA and TATAAT, respectively
(Haldenwang, 1995). Therefore, to improve the cry3Aa promoter,
the−35 and−10 sequences of the cry3Aa promoter were changed to
the �A consensus sequences of B. subtilis (Fig. 2). The resulting pro-
moter, P52, containing a modified −35 box expressed lacZ at levels
3.6-fold higher than the wild-type cry3Aa promoter (Table 3). Also,
promoter P82, which had both �A consensus −35 and −10 boxes,
produced LacZ at levels 5.2-fold higher than the wild-type cry3Aa
P52 3609.3 (±186.8) 3.60
P82 5228.2 (±135.6) 5.22
P92 4524.9 (±232.7) 4.51

a Values shown are the averages (±standard deviation) of three independent
experiments.

arrying the cry3Aa’-bglC fusion construct (B) by SDS-PAGE to determine the bglC
crylamide gel.
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ig. 2. Schematic depiction of the lacZ fusion constructs and promoter sequences
ent arrows indicate a transcriptional start site. Spacers in the wild-type cry3Aa, P5

owever, the lacZ expression by promoter P92 containing the opti-
al length of spacer was slightly less than that of promoter P82,

ndicating that the length of the spacer did not have a significant
ffect on the expression of lacZ in the cry3Aa promoter (Table 3).

.4. Expression of aprE using modified cry3Aa promoter

B. subtilis cells harboring aprE under the control of modified
ry3Aa promoters integrated into the amyE locus of the chromo-
ome were cultured in LB medium for 16 h. The expression of aprE
as then measured by protease assay and SDS-PAGE analysis of

he culture supernatants. The results revealed that the protease
xpression was significantly higher in cultures of cells containing
he P52, P82 and P92 promoters than in cultures of cells carrying the
ild-type cry3Aa promoter (Fig. 3A). Additionally, the expression of
prE by cells containing the modified promoters was successfully
etected by SDS-PAGE (Fig. 3B).

. Discussion

Comparison of lacZ expression levels in response to various cry
romoters in B. subtilis revealed that the expression by cells con-
aining the cry3Aa promoter was significantly higher than that of
ells containing sporulation-dependent promoters. However, it has
een reported that lacZ expression by B. thuringiensis containing
he cry1Aa promoter was similar to that B. thuringiensis containing
he cry3Aa promoter (Agaisse and Lereclus, 1995). Therefore, the
trength of cry1Aa promoter in B. subtilis was lower than expected.
he cry1Aa promoter was transcribed by a form of RNA polymerase
ontaining an alternative sigma factor, �35 and �28, which contains
educed amino acid sequences that are 88 and 85% homologous

ith those of �E and �K of B. subtilis, respectively (Brown and
hiteley, 1988; Brown and Whiteley, 1990; Adams et al., 1991).

he different expression levels of the sporulation-dependent pro-
oters between B. subtilis and B. thuringiensis may have been due

o the difference in the sigma factors in the cells. Alternatively, an
d-type and mutant cry3Aa. Underlines in the boxes indicate mutated nucleotides.
P82 are 18 bases, while that of P92 is 17 bases.

unidentified specific regulator for the activation of the promoters
may be absent in B. subtilis.

Roadblocks such as strong ribosome binding site, secondary
structures, bound proteins or stalled ribosomes near the 5′ end of
mRNAs have strong stabilizing effects on many kilobases of down-
stream RNA in B. subtilis (Agaisse and Lereclus, 1996; Bechhofer and
Dubnau, 1987; Glatz et al., 1996; Hambraeus et al., 2002; Jurgen
et al., 1998). The transcription of B. thuringiensis cry3Aa was initi-
ated 558 nucleotides (nt) upstream from the translation initiation
site, but the most stable and abundant transcript begins at − 129
nt (Agaisse and Lereclus, 1994b). The cry3Aa mRNA contains a 5′

mRNA stabilizer (STAB-SD) that has a Shine Dalgarno-like sequence
located near the 5′ end of the stable transcript. Binding of the 30S
ribosome subunit to the STAB-SD blocks exonucleolytic progres-
sion of RNase J1 and results in stabilization of the downstream
portion of this mRNA, which in turn leads to increased expression
of the downstream gene (Mathy et al., 2007). The cry3Aa promoter
in this study contains the STAB-SD; therefore, the strong activ-
ity of cry3Aa promoter in B. subtilis may be due to the STAB-SD,
which stabilizes the downstream portion of mRNA and increases
its half-life.

The �A-dependent cry3Aa promoter contains nucleotide
sequences TTGCAA and TAAGCT in its −35 and −10 boxes, respec-
tively (Agaisse and Lereclus, 1994b). The consensus −35 and −10
boxes of the �A-dependent promoters of B. subtilis are TTGACA
and TATAAT, respectively (Helmann, 1995). In this study, changing
the −35 and −10 boxes of the cry3Aa promoter to the consen-
sus sequence resulted in a significant increase in downstream
gene expression. Similarly, it has been reported that a signifi-
cant 100-fold increase in lacZ expression from the aprE promoter
was obtained by changing the native −35 promoter box to the

consensus TTGACA sequence of the aprE promoter (Jan et al.,
2001). Therefore, changing the promoter sequence to the consensus
sequence may be a useful method of improving promoter strength.

The cry3Aa promoter is recognized by the primary sigma fac-
tor of vegetative cells, �A, but cry3Aa expression was relatively
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Fig. 3. (A) Protease activities of culture supernatants of wild-type B. subtilis 168 and
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for industrial production. Can. J. Microbiol. 50, 1–17.
Schumann, W., 2007. Production of recombinant proteins in Bacillus subtilis. Adv.
. subtilis carrying cry3Aa’-, P52-, P82- and P92-aprE fusion constructs. (B) Analysis
f culture supernatants of wild-type B. subtilis 168 (lane 1) and B. subtilis carrying
ry3Aa’- (lane 2), P52- (lane 3), P82- (lane 4) and P92-aprE (lane 5) fusion constructs
y SDS-PAGE to determine the AprE expression. 100 �l of culture supernatant was
oncentrated and put on a 10% (w/v) polyacrylamide gel.

eak during the vegetative growth phase and highly activated at
he onset of the stationary phase. Although the effects of spo0A
nd abrB mutants on the cry3Aa expression in B. subtilis have been
eported (Agaisse and Lereclus, 1994a), the activation mechanism
f cry3Aa at the onset of the stationary phase has yet to be elu-
idated. The activation did not require specific culture conditions
r specific inducers and stress factors, which indicated that the
ctivation was autoinduced. In this study, LacZ, cellulase and alka-
ine protease were successfully overexpressed using the cry3Aa
romoter. Therefore, the high-level expression and autoinduction
ystem using the cry3Aa promoter may be useful for the expres-
ion of toxic proteins, pharmaceutical proteins and industrial
nzymes.
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