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Bacillus thuringiensis Cry8Ea toxin is specifically toxic to larvae of the Asian cockchafer, Holotrichia parallela. Here we investi-
gated the mechanism of transcriptional regulation of the cry8Eal gene. Reverse transcription-PCR (RT-PCR) results indicated
that cry8Eal and an upstream gene (orfl) were cotranscribed. Transcriptional fusions with the lacZ gene demonstrated that
transcription of the cry8Eal gene started from two promoters: P,,,, which is located upstream of the orfI gene, and P, 4, lo-
cated in the intergenic region mapping between orfI and cry8Eal. Of the known, similar orfI-cry operons, this is the first report
of the existence of a promoter in the intergenic region between the orfI and cry genes. The transcriptional activity of P,,,;, was
found during sporulation in B. thuringiensis subsp. kurstaki HD-73 and was almost abolished in the sigE mutant, while the tran-
scriptional activity of P, s was detected after the end of the exponential phase in HD-73 and was considerably lower in the sigH
mutant. The transcription start sites generated by the two cry8Eal promoters were determined by the 5' -SMARTer rapid ampli-

fication of cDNA ends (RACE) method. The —35 and —10 regions of P,,,; and P
and o™ promoters, respectively. These results indicated that P, is controlled by the o* factor and P

Bacillus thuringiensis is a Gram-positive, spore-forming bacterium
that produces parasporal crystal proteins. These parasporal crys-
tal proteins are encoded by cry genes and possess a highly specific
insecticidal activity against a great number of insect species. To date,
more than 500 cry genes have been discovered (http://www.lifesci
.sussex.ac.uk/home/Neil_Crickmore/Bt/). Most B. thuringiensis cry
genes have a monocistronic structure, with the exceptions of cry2Aa
(25), cry2Ac (27), cry9Ca (15), cry9Ec (23), cryl1A (11), and cryl5A
(8), which form operons with at least one upstream open reading
frame (ORF), named orfl or p19. However, no promoter activity in
the intergenic region between the orfI and cry genes was reported in
the previous studies.

Transcription of crylA depends on the Btl promoter in the
early stage of the stationary phase and on the BtII promoter in the
late stage of the stationary phase (26). They are regulated by spo-
rulation-specific sigma factors, oF and 0¥, respectively (6, 9, 10).
Most of the known crystal protein genes (3, 5) contain either BtI
alone or both Btl and BtIl. Among these, some cry genes (i.e.,
crylAc and cry4A) with two or more promoters are weakly con-
trolled by o' during the transition phase and strongly controlled
by sporulation-specific sigma factors (18, 28). In contrast, cry3A
expression is not dependent on sporulation-specific sigma factors.
The cry3A promoter is similar to promoters recognized by the
main sigma factor of vegetative cells, o (1, 2).

B. thuringiensis strain BT185 produces spheric inclusions that
exhibit specific toxicity against larvae of the Asian cockchafer,
Holotrichia parallela (29). Shu et al. cloned two homologous 130-kDa
insecticidal crystal protein genes, designated cry8Eal and cry8Fal.
Cry8Eal toxin is toxic to H. parallela, whereas no target insect was
found to be susceptible to the Cry8Fal protein (21). The three-
dimensional structure of activated Cry8Eal toxin was determined
by X-ray crystallographic methods (14). However, the regulation
of cry8Eal gene expression still remains unknown. For this study,
we report that cry8Eal is transcribed from two promoters: one is
located upstream of the orfI gene, and the second maps in the
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 showed high sequence similarity with the ¢*
by the ¥ factor.

cry8
cry8E

intergenic region between orfl and cry8Eal. Transcription of the
cry8Eal gene is controlled by o* and o™,

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table S1 in the supplemental
material. Escherichia coli JM110 was used for the cloning experiments,
while SCS110 was used to produce nonmethylated plasmid DNA for B.
thuringiensis transformations (22). B. thuringiensis subsp. kurstaki HD-73
was used as a recipient strain to monitor promoter activity (12).

E. coli was cultured at 37°C in Luria-Bertani medium (1% NaCl, 1%
tryptone, 0.5% yeast extract). B. thuringiensis strains were grown at 30°C
in Schaeffer’s sporulation medium (SSM) (20). Ampicillin (100 pg/ml) or
erythromycin (50 wg/ml) was added to the media, when appropriate, for
selection of antibiotic-resistant strains of E. coli and B. thuringiensis.

DNA manipulation and transformation. Chromosomal DNA was
extracted from B. thuringiensis as described previously (16). Plasmid DNA
was extracted from E. coli by the standard alkaline lysis procedure. Restric-
tion enzymes and T4 DNA ligase were purchased from TaKaRa Biotech-
nology Corporation (Dalian, China). PCR product purification kits were
purchased from Axygen Inc. (Hangzhou, China). Tag DNA polymerase
and KOD DNA polymerase were purchased from New England BioLabs
Ltd. (Beijing, China). All oligonucleotide primers used in this study are
listed in Table S2 in the supplemental material. Standard procedures were
used for E. coli transformation. B. thuringiensis cells were transformed by
electroporation as previously described by Lereclus et al. (16).
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FIG 1 Analysis of cry8Ea operon in B. thuringiensis BT185. (A) cry8E gene
locus. The letters below summarize the main primers used for RT-PCR. Prim-
ers a (RTorfl-5), b (RTorfl-3), ¢ (RTcry8E5), d (RTcry8E3), e (RTCO), and f
(RTCO) were used for RT-PCR analysis of the orfI and cry8E genes (see Table
S2in the supplemental material). (B) RT-PCR for the transcription linkages of
the orfl and cry8E genes. The RNA samples were prepared at different time
points of bacterial growth in SSM, as indicated. Rows 1 to 3 denote the RT-
PCR products of orfl, cry8E, and orfl-cry8E, and the 16S rRNA gene (row 4)
was used as a positive control.

Construction of sigE and sigH deletion mutant. The DNA fragments
corresponding to the downstream and upstream regions of the sigH gene
were amplified by PCR, using chromosomal DNA from HD-73 as the
template and sigH1/sigH2 and sigH3/sigH4 as primers. The correspond-
ing DNA fragments were fused by overlapping PCR, using sigH1 and
sigH4 as the primers. The PCR products were then digested with BamHI-
Sall restriction enzymes. The digested fragments were purified and ligated
with the temperature-sensitive suicide plasmid pMAD (4), which was also
treated with BamHI-Sall, to generate the recombinant plasmid
pMADQsigH. The recombinant plasmid was electroporated into the
HD-73 strain. In-frame deletion of the sigH gene in B. thuringiensis was
conducted following a modification of a previously described procedure
(4). One verified transformant of this deletion mutant was cultured at
40°C. Colonies with no erythromycin resistance were selected, and one
mutant strain, HDAsigH, was verified by PCR identification using the
primers YZsigH5 and YZsigH3, mapping outside the deletion frame, and
DNA sequencing was performed.

The primers sigE1/sigE2 and sigE3/sigE4 were used to construct sigE
deletion mutation cassettes. This fragment was integrated into pMAD to
give pMAD()sigE. The deletion mutant, HDAsigE, was selected and con-
firmed by PCR and Southern blotting (24).

RNA extraction and reverse transcription-PCR (RT-PCR) analyses.
Total RNA was extracted from B. thuringiensis BT185 cells grown in SSM
at stages T, T3, and T, (T, is the end of the exponential phase; T, is n
hours after the end of the exponential phase). The bacterial cells were
harvested from 1 ml of culture by centrifugation in 2-ml tubes (13,000 X
& 30 s, 4°C), and the cell pellets were immediately resuspended in 1 ml
cold TRI Reagent (Invitrogen, San Diego, CA). The RNA was extracted
with the Qiagen Easy RNA kit according to the manufacturer’s instruc-
tions. The residual DNA was removed using RNase-free DNase I(New
England BioLabs), and the resulting RNA samples were stored at —70°C.
c¢DNA was synthesized from 0.5-pg aliquots of total RNA using the Prime-
Script II Ist-strand cDNA synthesis kit (TaKaRa, Dalian, China) with the
Random 6mer primers according to the manufacturer’s instructions. The
following primers were used to detect expression of the orfl gene and
cry8Eal gene: orfl, RTorfl-5/RTorfl-3; cry8Eal, RT8E5/RT8E3; and 16S
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FIG 2 Characterization of the promoter region of the cry8Ea operon. (A)
Construction of promoter fusions with the lacZ gene. The upstream regions of
the orfI gene were amplified by PCR using the primers Porfl-5 and Porfl-3.
The intergenic region between orfI and cry8Ea was amplified using the primers
Pcry8ES5 and Pcry8E3. The complete upstream region, including the upstream
region of the orfI gene, the orfIgene, and the region between the orfI and cry8E
genes, was amplified using the primers Porf1-5 and Pcry8E3. The three ampli-
fied fragments were inserted into pHT304-18Z to generate the transcriptional
fusion plasmids pHTPorfl, pHTPcry8E, and pHTPorfl-cry8E. (B) Transcrip-
tional analysis of the promoter region of the cry8Ea operon. The promoter-
directed B-galactosidase synthesis of three clones was determined at the indi-
cated times after growing the cells in SSM at 30°C. Each value represents the
mean for at least three independent replicates.

rRNA genes, 16SrDNA5/16SrDNA3. Conditions for amplification were as
follows: one incubation for 5 min at 94°C, followed by 30 cycles for 1 min
at 94°C for denaturation, 1 min at 54°C for annealing, and 2 min at 72°C
for extension, with an extra extension at 72°C for 10 min. The amplifica-
tion products were separated on 1.5% agarose gels. Negative control sam-
ples were subjected to amplification.

Determination of transcriptional start sites. To determine the tran-
scriptional start sites, we employed the technique switching mechanism at
the 5" end of the RNA transcript-rapid amplification of cDNA ends
(SMARTer RACE) ¢cDNA amplification kit (Clontech, Mountain View,
CA), following the manufacturer’s instruction. Gene-specific primers,
8ERace and NestRace, were used to amplify the 5" end of cry8Ea mRNA.

Construction of P, and P, promoter fusions with the lacZ
gene. The first putative promoter fragment of P, (559 bp), which is
located upstream of the orfI gene, was cloned from B. thuringiensis BT185
genomic DNA using the specific primers Porfl-5 (with a Pstl restriction
site) and Porfl-3 (with a BamHI restriction site). The Pstl-BamHI frag-
ment of the P, promoter was then integrated into the vector pHT304-
18Z, harboring a promoterless lacZ gene. The resulting plasmid, pHT-
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FIG 3 (A) Analysis of P, , promoter activities in the HD-73 wild-type strain (@), the sigE mutant (M), and the sigK mutant (A). The promoter-directed
synthesis of B-galactosidase in the strains was determined at the indicated times after growing the cells in SSM at 30°C. Each value represents the mean for at least
three independent replicates. (B) The promoter region of the operon. Transcriptional initiation (+1) is marked. The putative promoter region of the operon
(—35and —10) and the putative ribosome binding site of orfl (RBS) are underlined and marked. “orfI” below the arrow indicates the 5'-end of orfI and the
deduced amino acid sequence. (C) Sequence similarity among the cry gene promoters and the consensus sequences obtained by aligning the "-dependent
promoters of B. thuringiensis. “*” indicates the transcriptional initiation sites. Consensus sequences of o"-dependent promoters are presented above and below
the alignment, respectively. Dis A, G, or T; His A, C,or T; KisGor T; Mis Aor GG N is A, C, G, or T; Vis A, G, or C.

Porf1, was introduced into HD-73, the sigE mutant, and the sigK mutant
(13). The corresponding strains, HD(P,,-lacZ), HDAsigE(P,,;-lacZ),
and HDAsigK(P,,,,-1acZ), were selected by erythromycin resistance and
PCR identification. Similarly, the primers Pcry8ES5 and Pcry8E3 were used
to construct the second putative promoter fragment, P, g (280 bp),
which was inserted into the pHT304-18Z vector to generate pHTPcry8E.
The recombinant plasmid pHTPcry8E was electroporated into HD-73
and the sigH mutant to give HD(P,, 5;-lacZ) and HDAsigH (P, ,4;-1acZ),
respectively.

Primers Porf1-5 and Pcry8E3 were used for PCR amplification of the
1,352-bp fragment containing the upstream region of orfI gene and the
region between the orfl and cry8Eal genes. After digestion with PstI-
BamH]I, the PCR product was integrated into pHT304-18Z to generate
pHTPorfl-cry8E. The resulting plasmid, pHTPorfl-cry8E, was intro-
duced into HD-73 to generate HD(P,,,;_,,s-1acZ).

[3-Galactosidase assay. B. thuringiensis strains containing lacZ fusions
were grown in SSM at 220 rpm and 30°C, supplemented with appropriate
antibiotics. Samples of 2 ml were taken at T_, and at 1-h intervals until T,
The cells were harvested, and the specific B-galactosidase activity of the
samples was measured as previously described and expressed as Miller
units per milligram of protein (17). The values reported are the means for
at least three independent experiments.

RESULTS AND DISCUSSION

Sequence analysis and RT-PCR. The sequence analysis showed
that orfl was located 286 bp immediately upstream of cry8Eal
(GenBank accession number AY329081) and that no potential
transcriptional terminator was present between the two genes.
This finding suggested that the orfI and cry8Eal genes may form
one operon. To test this hypothesis, we analyzed the transcription
of the two genes. Three pairs of primers were designed according
to the orfI and cry8Eal gene sequence to detect their transcription
(Fig. 1A; see also Table S2 in the supplemental material). RT-PCR
was carried out with total RNA extracted from B. thuringiensis
strain 185 at T, T3, and T, from cultures grown in SSM (Fig. 1B).
The data suggest that the orfI and cry8Eal genes are transcribed
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together as one transcription unit. This coincided with the cry2A,
cryl1A, cryl5A, and cryl8A operons (8, 11, 25, 30).

Transcriptional activity of promoters from cry8Ea operon.
The promoter region(s) of the cry8Ea operon was analyzed by
constructing transcriptional fusions with the lacZ gene (Fig. 2A).
The HD-73 strains containing pHTPorfl, pHTPcry8E, and pHT-
Porfl-cry8E were cultured in SSM, and B-galactosidase activities
of the strains were assayed (Fig. 2B). The 3-galactosidase activities
of HD(P,,,sz-lacZ) and HD(P,,f; ysr-1acZ) were detected at the
onset of sporulation (T), while that of HD(P,,;-lacZ) was de-
tected only 3 h later (T5). The activity of the P, promoter was
approximately 5-fold lower than that of the P, promoter after
T;. The higher transcriptional activity obtained with the complete
cry8Eal gene promoter, P, .5 is likely due to the combined
activities of P,,;; and P, ¢p. These results suggest that cryS8Eal has
two promoters, P, which has a high level of activity during
sporulation, and P, which is active at the onset of sporulation.
The first promoter, P, g, is located upstream of the orfI gene. The
second promoter, P, g, is located in the intergenic region be-
tween the orfl and cry8Eal genes. Additionally, the cry2A, cryl1A,
cryl5A, and cryl8A operons have a single promoter, located up-
stream of the first orf operon. No promoter activity was found in
the intergenic region between the orfl and cry genes (cry2A,
cryllA, cryl5A, and cryl8A) (8, 11, 25, 30), suggesting that the
cry8Eal operon promoter is a novel cry gene promoter. To our
knowledge, this is the first report of the existence of a promoter in
the intergenic region between the orfI and cry genes.

P, isa o"-dependent promoter. The time course of Poq
activity increased sharply at Tj, suggesting the possibility of a spo-
rulation-specific sigma factor. Therefore, the o® and ¢® depen-
dence of P,,,; was tested. The recombinant plasmid pHTPorf1 was
introduced into the HDAsigE and the HDAsigK strains, respec-
tively. The B-galactosidase assay showed that P, activity was
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FIG 4 (A) Analysis of P, promoter activities in the HD-73 wild-type strain (M) and the sig mutant (A). The promoter-directed synthesis of 3-galactosidase
in the strains was determined at the indicated times after growing the cells in SSM at 30°C. Each value represents the mean for at least three independent replicates.
(B) The promoter region of the operon. Transcriptional initiation (+1) is marked. The putative promoter region of the operon (—35 and —10) and the putative
ribosome binding site of orfI (RBS) are underlined and marked. “cry8Ea” below the arrow indicates the 5’ end of orfI and the deduced amino acid sequence. (C)

Sequence similarity between the P,,,; promoter and the consensus sequences was obtained by aligning the o'-dependent promoters of B. thuringiensis. “

gy

indicates the transcriptional initiation sites. Consensus sequences of ¢*'-dependent promoters are presented above and below the alignment, respectively. R is A

orG;WisAorT.

almost abolished in the HDAsigE strain and was similar in the
wild-type and HDAsigK strains before T, (Fig. 3A).

The transcriptional start site was determined by 5'-RACE-
PCR to be a single 5'-end G residue located 64 nucleotides (nt)
upstream of the orfI translational start codon (Fig. 3B). The nu-
cleotide sequences of the —35 and — 10 regions of the orfI gene are
similar to those of some o®-dependent cry genes previously de-
scribed (30) (Fig. 3C). Taken together, these results suggested that
high-level transcription of the cry8Eal gene is controlled by the o*
factor during sporulation, similar to regulation of the cry2A and
cryl5A genes (8, 25).

P, spisa o-dependent promoter. The intergenic region be-
tween orfI and cry8Eal encodes a promoter with low-level activity
at the onset of sporulation (Fig. 2B). The nucleotide sequences of
the —35 and —10 regions of the cry8Eal gene are highly similar to
those of several "-dependent genes in Bacillus subtilis (6) (Fig.
4C). To test whether the cry8E gene promoter is ¢ dependent, the
plasmid pHTPcry8E was introduced into HDAsigH. B-Galactosi-
dase activity in the HDAsigH strain was dramatically lower than
that in the wild-type strain (Fig. 4A). The results of 5'-RACE-PCR
mapping performed on total RNA isolated from BT185 cells at T}
indicated that a transcription start site mapped 133 bases up-
stream of the cry8Eal gene start codon (Fig. 4B). The nucleotide
sequence of the promoter region is similar to that of ¢™-depen-
dent genes (7) (Fig. 4C). These results suggested that the P,
promoter with low-level activity located in the intergenic region
between orfl and cry8Eal is controlled by the o' factor during the
transition phase. The cry4A and cryl1A genes are also weakly tran-
scribed by the ™ form of RNA polymerase, and the ¢™-depen-
dent promoter overlaps the 6*-dependent promoter (19, 28). This
is not the case with the cry8Eal operon promoter, which is located
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upstream of two transcriptional start sites of the cry8Eal gene.
This work describes the unique character of the cry8Eal operon
promoter, which is composed of P, ; and P, ¢z, controlled by the
o and o™ factors, respectively.
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