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During sporulation, Bacillus thuringiensis produces intracellular, crystalline inclusions comprised of a
mixture of protoxins active on insect larvae. A major class of these protoxin genes, designated cry1, is
transcribed from two overlapping promoters (BtI and BtII) utilizing RNA polymerase containing sporulation
sigma factors sE and sK, respectively. Fusions of these promoters to lacZ were constructed in order to analyze
transcription patterns. Mutations within the 210 region of the BtII promoter (within the spacer region of the
BtI promoter) which departed from the consensus 210 sequence for either sE or sK resulted in inactivation
of transcription from BtII and a fivefold stimulation of transcription from BtI. In contrast, transcription from
both promoters was inhibited with a change to the sE consensus. One of the “promoter-up” mutations was
fused to the cry1Ac1 gene, and enhanced transcription was confirmed by Northern blotting. There was an
increase in the accumulation of Cry1Ac antigen at early but not later times in sporulation in the mutant. This
shift was due to the rapid turnover of much of the excessively accumulated protoxin at the early times as
measured by pulse-chase labeling. As a result of the turnover and the inactivation of the BtII promoter, the
mutant produced smaller inclusions which contained two- to threefold-less protoxin than inclusions from the
wild type. Promoter overlap is a mechanism for modulating protoxin synthesis, thus ensuring the efficient
packaging of these protoxins into inclusions.

Bacillus thuringiensis is unique in its capacity to produce,
primarily during sporulation, large, intracellular, crystalline in-
clusions comprised of protoxins active on insect larvae (4, 20,
38). Most B. thuringiensis subspecies contain multiple, plasmid-
borne protoxin genes (4, 20). Related protoxins are present in
the same inclusion, but the relative amounts differ as deter-
mined from steady-state mRNA levels (3) and protoxin con-
tents (27, 28). Since each of these toxins has a unique speci-
ficity profile, usually for a subset of insects from within a
particular order (20), the presence of several protoxins in dif-
ferent amounts is important for the overall toxicity profile of an
isolate. There may also be synergistic interactions between
specific toxins (23, 42).

In addition to the differential regulation of the various pro-
toxin genes, there must be mechanisms to ensure the synthesis
of very large amounts of the protoxins and their orderly dep-
osition into a crystalline inclusion. The latter process involves
extensive intermolecular disulfide cross-linking (9), and there
are probably enzymes to aid this process as well as chaperones
and/or protective proteins (2, 8) for the initial assembly pro-
cess.

A very abundant class of protoxin genes designated cry1 all
have very similar overlapping promoters, designated BtI and
BtII, which function primarily at different times during sporu-
lation (2, 8, 20). Transcription from the former is dependent
upon a form of RNA polymerase containing a sigma factor
with 88% identity to Bacillus subtilis sE, whereas transcription

from BtII utilizes a sigma factor with 85% identity to sK from
B. subtilis (1).

In B. subtilis, these sigma factors are necessary for the tran-
scription of sporulation genes expressed in the mother cell (15,
26). There are examples of tandem promoters in sporulating B.
subtilis cells which ensure extended transcription during sporu-
lation (17) or during both growth and sporulation (12, 13). A
few sporulation genes contain overlapping promoters (21, 43),
but the significance, if any, of such an arrangement has not
been studied. In B. thuringiensis, sE and sK must function for
the transcription of mother cell sporulation genes as well as for
the protoxin genes, a conclusion supported by in vitro studies
(1).

Since this prevalent class of cry1 protoxin genes contains two
promoters that overlap, the function of such a unique arrange-
ment in regulation was examined by constructing fusions of
wild-type and mutated promoter regions to lacZ. Mutations of
the 210 region of the BtII promoter (within the spacer region
of the BtI promoter) which departed from the consensus se-
quence resulted in stimulation of transcription from BtI, indi-
cating a modulating function for this promoter arrangement.
This regulation was critical for the rate of accumulation of
protoxins and ultimately their deposition in an inclusion.

MATERIALS AND METHODS

Bacterial strains and growth. Escherichia coli DH5a was the host for plasmid
constructs, and E. coli CJ236 was the host for the preparation of uracil-contain-
ing DNA and for the propagation of helper phage R408 (Promega). B. thurin-
giensis strain 80-21 was used for the introduction of the lacZ fusions by electro-
poration (39). This strain had spontaneously lost the 44-mDa plasmid containing
the cry1Ab3 gene from Bacillus thuringiensis subsp. kurstaki HD1 but still con-
tained the cry1Aa1, cry1Ac1, cry2Aa1, and cry2Ab1 genes (5). B. thuringiensis
subsp. kurstaki HD73 contains only the cry1Ac1 gene and was used for reverse
transcriptase mapping.

A clone of the cry1Ac1 gene in pHT3101 (3, 24) was electroporated into strain
CryB (an acrystalliferous, plasmid-cured derivative of B. thuringiensis subsp.
kurstaki HD1) (41) to form strain CryB/pHT3101-1Acwt (wild type). CryB/
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pHT3101 was the control strain. The 242-bp NsiI promoter fragment from
mutant 272 (see below) was cloned into pHT3101-1Acwt which had been di-
gested with NsiI to remove the wild-type promoters. The resulting plasmid,
pHT3101-1Ac272, contained the mutant promoters as demonstrated by the ad-
ditional SpeI site (see below). The orientation of the promoters was established
by digestion with HpaI, and the promoter region was sequenced to confirm the
construct. This plasmid was also electroporated into strain CryB to create CryB/
pHT3101-1Ac272.

E. coli was grown at 37°C in Luria-Bertani medium (35) with 50 mg of ampi-
cillin per ml for selection. B. thuringiensis strains were grown at 30°C in G-Tris
medium (6). This medium was supplemented with 7 mg of chloramphenicol per
ml for selection of cells containing lacZ fusions and 10 mg of erythromycin per ml
for those containing the cry1Ac1 clones. Growth was monitored in a Klett col-
orimeter (660-nm-wavelength filter). Cells clump at the end of growth (T0) due
to the accumulation of organic acids in the medium, and phase-dull endospores
are usually visible about 3 h later (T3), with phase-white endospores present 2 to
3 h after this time (T6).

Plasmid constructs. A 242-bp NsiI fragment extending from nucleotides 2150
to 191 relative to the start site of transcription for BtI contained the promoter
region of the cry1Ab3 gene (7). This fragment was cloned into the NsiI site in
plasmid pGEM-llZf(1) from Promega (Fig. 1) for site-directed mutagenesis
(36). It should be noted that this region of the cry1Ab3 gene is identical in
sequence to that of the cry1Ac1 gene (M. Geiser, personal communication). The
latter was chosen for measuring protoxin synthesis because the protoxin is more
stable (31). The 251-bp XbaI/HindIII fragment from this clone was also sub-
cloned into M13 for mutagenesis. Single-stranded DNA was produced in E. coli
CJ236 with helper phage R408 (Promega) for pGEM. The 210 region of each
promoter was mutagenized by employing gel-purified and phosphorylated primer
271 (39TACTCAGTCGACACAATTTAAC) for BtI and primer 272 (39TAAA
AAAGGCTTCTGATCAGTATA) for BtII by using pGEM. The following
primers were all used with M13: primer 1076 (39CGTAAAAAAGTACTCTAC
TCAGTA) for BtII, primer 1077 (39CGTAAAAAAGTATGTTACTCAGTA)
for BtII, and primer 1078 (39GTATTCTACTGAGTATACAA) and primer 1079
(39CGTAAAATAGTATTCTAC) for changes in the BtI spacer outside of the
210 region. The mutations are summarized in Table 1.

Twelve nanomoles of single-stranded DNA template was mixed with 32 pmol
of each of the mutagenic primers and 3.5 pmol of each of the M13 primers.
Following incubation at 80°C for 5 min and cooling to 27°C for 20 min, 4 U of
Klenow fragment and 5 U of T4 DNA ligase were added for 20 h at 16°C. The
DNA was precipitated with 2 volumes of ethanol and dissolved in 5 ml of
Tris-EDTA (TE) buffer for transformation of E. coli DH5a. Clones with the
desired mutations were identified by the introduction of unique restriction sites
for the primer 271 (PvuII), 272 (SpeI), and 1076 (BspHI) oligonucleotide-primed
reactions. All of the mutated promoters were sequenced (37) to verify the
changes as shown in Table 1 and Fig. 2.

The 251-bp HindIII/XbaI wild-type and mutant promoter regions were excised
and purified from low-melting-point agarose with GELase TM (Epicentre Tech-
nologies). These fragments were then subcloned into pSGMU37 (Fig. 1), a
vector containing a promoterless lacZ gene (15). An E. coli-B. thuringiensis
shuttle vector containing the promoter-lacZ fusions was then constructed by
ligating purified HindIII/BglII fragments from pSGMU37-P and pHT to form
pHT/pSGMU-P. Plasmid pHT is a shuttle vector consisting of plasmid pBD12
(from a gram-positive organism) with a nonessential PvuII fragment deleted (19)
ligated to PvuII-digested pUC18 (H. Tsai and A. Aronson, unpublished results).

Enzyme assays and primer extension. B. thuringiensis strains containing lacZ
fusions were grown at 30°C in G-Tris plus 7 mg of chloramphenicol per ml. The
optical density was monitored (Klett colorimeter with a 660-nm-wavelength
filter), and 1-ml samples were removed periodically during growth and sporula-
tion. Stages of sporulation were monitored in the phase microscope and the
percent phase-white endospores was recorded. Cells were pelleted by centrifu-
gation for 5 min in an Eppendorf microcentrifuge, and the pellets were frozen at
270°C. Samples were thawed and assayed in duplicate for b-galactosidase (18),
and the average values (1/26%) are reported as Miller units (30).

RNA was prepared (7) at various times during sporulation from cells grown as
described above. For primer extension of promoters fused to lacZ, a 19-mer
(39CGGCGTAGATCTCAGCTGG) complementary to nucleotides 34 to 52 in
the lacZ gene was purified on a Sephadex G-25 column. Oligonucleotide 59GG
TTACTTAAACAATTATAAGG (complementary to nucleotides 34 to 55 in the
cry1Ac1 gene) was used for primer extension of cry1Ac1 RNA from strain 80-21
and B. thuringiensis subsp. kurstaki HD73. The oligonucleotides were labeled
with [32P]ATP (6,000 Ci mmol21) using T4 polynucleotide kinase (36). The
labeled primers were mixed with 30 mg of RNA, annealed at 37°C, and extended
with reverse transcriptase (16, 36). These primers were also used for the se-
quencing reactions.

For Northern hybridizations (36), 20 mg of RNA was electrophoresed in a
sodium dodecyl sulfate (SDS)–6% polyacrylamide gel. The gel was examined
under UV light to establish that the 16S and 23S rRNAs were intact. The RNA
was then transferred to a polyvinylidene difluoride membrane and hybridized
with a 32P-oligonucleotide specific to the cry1Ac1 gene (3), 59TACCCCAATTA
ACGTTGAGGTGAATCGGGG (nucleotides 1609 to 1638 from the ATG
codon of cry1Ac1). Following washing and exposure to an X-ray film, the oligo-
nucleotide was scanned in a phosphorimager.

Measurements of protoxin synthesis. Strains CryB/pHT3101, CryB/pHT3101-
1Acwt, and CryB/pHT3101-1Ac272 were grown at 30°C in 30 ml of G-Tris
medium in a New Brunswick shaker. As mentioned above, a marker for the
commencement of sporulation is cell clumping, so 5-ml samples were removed
approximately 1 h prior to this time, 1 h later, and at two subsequent times during
sporulation (as monitored with the phase microscope). The remainder of the
culture was incubated for 24 h in order to obtain free spores and inclusions.

The cells were washed once with 1 M KCl–5 mM EDTA, pH 8.0, and twice
with 50 mM Tris–5 mM EDTA–2 mM phenylmethylsulfonyl fluoride, pH 7.6.
The pellets were suspended in 6 M urea–1% SDS 2 mM phenylmethylsulfonyl
fluoride–50 mM dithiothreitol, pH 9.6 (UDS), sonicated (Branson 45 with a
microtip) for 40 s, and then heated to 90°C for 3 min. Aliquots of the cell extracts
were precipitated with 10% trichloroacetic acid. The pellets were dissolved in 0.2
ml of 0.2 N NaOH for protein determinations with the bicinchoninic acid reagent
(Pierce Chemical Co.).

Spores plus inclusions from the 24-h cultures were harvested, washed as
described above, resuspended in 2 ml of deionized water, and sonicated for 12 s
to remove clumps. A 0.2-ml sample was taken, and following centrifugation for
5 min in an Eppendorf microcentrifuge, the pellet was extracted twice with 40 ml
of UDS at 37°C for 20 min each time and the supernatants were pooled.

A trace amount of purified 14C-inclusions (5,000 cpm) was added to the
remaining spore-plus-inclusion suspensions in order to monitor inclusion recov-
ery. The labeled inclusions were prepared by incubating 10 ml of sporulating cells
with 5 mCi of [14C]isoleucine until sporulation was completed. These inclusions
were purified as described below.

The suspensions were layered on step gradients of Renografin-76 (66% dia-
trizoate meglumine plus 10% diatrizoate sodium; Squibb) comprised of 1 ml of
60% and 3 ml each of 50 and 40% Renografin. The tubes were centrifuged for
1 h at 8,000 rpm in a Sorvall HB4 swinging-bucket rotor. The band of inclusions
was removed with a syringe, diluted 10-fold with water, and collected by centrif-
ugation at 10,000 rpm for 20 min in a Sorvall centrifuge. The pellets were
examined in the phase microscope for spore contamination and recentrifuged
through a second Renografin gradient if .5% of the initial spores were present.
Samples of purified inclusions from the wild type, the mutant, and a mixture were
photographed with a Nikon Eclipse phase microscope using the oil immersion
objective (2,0003). Digital images were converted with Adobe Photoshop and
printed.

The purified inclusions were dissolved in 50 ml of UDS by incubation for 10
min at 37°C. This step was repeated, and 10 ml of the pooled supernatants was
precipitated with 10% trichloroacetic acid. The precipitates were collected on
Whatman glass fiber filters, and the radioactivity was determined in a Beckman
scintillation counter.

Fifty micrograms of cell extract protein, the extract from an equal volume of
the spore-inclusion mixture, or an equal quantity of counts per minute from the
purified inclusions (indicative of inclusion recovery) was diluted in UDS, heated
at 90°C for 3 min, and electrophoresed in SDS–10% polyacrylamide. Immuno-
blotting was done as described previously by employing a Cry1Ac1 polyclonal
antibody (32). Staining was done with the Pierce Gelcode blue stain reagent.

The stability of the Cry1Ac1 protoxin antigen was determined in pulse-chase
experiments. Five milliliters from a 30-ml culture grown as described above was
removed when the cells started to clump and at hourly intervals thereafter (five
total samples). These subcultures were incubated with 5 mCi of [14C]isoleucine
for 7 min. At that time, a 2-ml sample was pipetted into a tube on ice containing
1 mg of chloramphenicol. Unlabeled isoleucine was added to 200 mg/ml to the
remaining culture, which was sampled as described above after an additional 60
min of incubation. Following centrifugation at 10,000 rpm for 10 min in a Sorvall
SS34 rotor, the pellets were washed twice with 10 ml (each time) of 0.05 M
Tris–0.15 M NaCl–1.0% Nonidet P-40 (pH 8.0), suspended in 0.8 ml of this
buffer, and sonicated on ice three times for 40 s each time. The suspensions were
centrifuged for 2 min in an Eppendorf microcentrifuge and the supernatants
were stored at 270°C. This pulse-chase protocol was repeated at hourly intervals
for at least four additional hours.

The radioactive and protein contents of aliquots of each sample were deter-
mined, and 150 mg of protein was incubated at 0°C for 1 h with preimmune serum
plus 2 mg of purified, unlabeled Cry1Ac1 protoxin. A 50% suspension of protein
A-Sepharose CL4B (Pharmacia) was added to 25% of the volume, and the
suspensions were incubated at 4°C for 40 min. Following centrifugation for 2 min
in an Eppendorf microcentrifuge, the supernatants were carefully removed and
anti-Cry1Ac1 antibody (32) was added followed by protein A-Sepharose CL4B as
described above. These suspensions were centrifuged, and the pellets were
washed three times with 0.2 ml of the above buffer each time. The final pellets
were suspended in 50 ml of UDS and heated at 90°C for 3 min, and one-half was
electrophoresed by SDS–10% PAGE. The gels were dried and exposed to X-ray
film and the 130-kDa bands were quantitated in a phosphorimager.

RESULTS

Transcription patterns. Initially, the transcription pattern of
the cry1Ac1 gene in a strain (80-21) which contained this gene
as one of several protoxin genes (5) and in a strain in which this
was the only protoxin gene (B. thuringiensis subsp. kurstaki
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FIG. 1. Construction of an E. coli-B. thuringiensis shuttle vector with a fragment containing the cry1A BtI and BtII promoters inserted upstream of the lacZ gene.
See Materials and Methods for further discussion. Letters for pSGMU37 are restriction enzyme sites as described previously (14).
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HD73) was established by reverse transcriptase mapping (Fig.
3). The results confirmed the reverse transcriptase mapping of
the cry1Ba1 gene (11) in that there was transcription from both
BtI and BtII at different although somewhat overlapping times
and to approximately the same extent. A fairly constant rate of
transcription starting at T2 and continuing throughout much of
sporulation was also found with the fusion of the wild-type
cry1A promoters to lacZ (Fig. 4).

Mutagenesis of the promoter region. Initially, each of the
promoters was inactivated by introducing several mutations
into conserved bases in the 210 regions (mutations 271 and
272 [Table 1; Fig. 2]). Loss of promoter function was deter-
mined by reverse transcriptase mapping using RNA prepared
from sporulating cells of strain 80-21 transformed with each of
the lacZ fusion plasmids (Fig. 5). At the sampling time for the

wild type, there was a strong transcript initiating at BtI and a
weaker one at BtII. There was also a transcript initiating 14 bp
downstream from BtI which was not seen in the reverse tran-
scriptase mapping of the cry1Ac1 gene (Fig. 3) or in the mutant
271 and 272 lanes. The lack of transcription from the BtII
promoter in mutant 272 was confirmed by sampling at several
times later in sporulation. There was a weak transcript from
the BtI promoter with RNA prepared from the 271 mutant
which was not enhanced by sampling at earlier times in sporu-
lation (data not shown).

Similar reverse transcriptase mapping was done with the
other mutants listed in Table 1. Transcription from both pro-
moters in mutants 1077, 1078, and 1079 was established by
preparing RNA at T3 and T6. Transcription was barely detect-
able in mutant 1077 even with five times more RNA.

FIG. 2. Sequence of the region upstream of the cry1Acl gene from the NsiI site to the ATG initiation codon. The 210 and 235 regions of the dual overlapping
promoters are singly (BtI) or doubly (BtII) underlined, with the base substitutions in the 210 regions for the 271 (BtI) and 272 (BtII) oligonucleotides indicated below
each. The start sites of transcription are marked (I and II), and the ribosome binding site is overlined. The sequence of an additional 900 bp upstream of the cry1A
genes is available (GenBank accession number AF039908).

TABLE 1. Effects of mutations in the spacer region of the overlapping promoters on transcription of lacZ fusions

Region or mutation
Sequencea Maximum units of

b-galactosidase
activitybBtI (235) BtII (210) BtI (210)

Region
Promoter GCATTTT T T CATAAGATG AGT CATATGTT
B. subtilis sEc G/TC/AATATT CATACA-T
B. subtilis sKc CATA-------Ta

Mutationd

Wild type (both) 1,100
271 (only BtII) CGCATGTG 300
272 (only BtI) CGCAAGACT 5,400
1076 (only BtI) CATGAGATG 5,200
1077 (both) CATACAATG 100
1078 (both) CATAAGATG AC 950
1079 (both) A T CATAAGATG 900

a The 210 and 235 sequences are in italics, and some neighboring nucleotides are shown. Mutated bases are in boldface type.
b See Fig. 4.
c See reference 33.
d Functional promoters as determined by reverse transcriptase mapping are in parentheses. “both” indicates that BtI and BtII are functional.
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As previously mentioned, strain 80-21, containing a fusion of
the wild-type promoters to lacZ, synthesized b-galactosidase
over about 10 h commencing at T2 of sporulation (Fig. 4).
Expression from a construct containing only a functional BtII
promoter (mutation 271) began later and at a slightly lower
rate. The rates at very late times were somewhat variable

because of sporulation asynchrony and lysis of sporulated cells
with the subsequent inactivation of the b-galactosidase.

Mutation within the 210 region of the BtII promoter (mu-
tation 272) resulted in a ca. fivefold increase in both the initial
rate and final amount of b-galactosidase. This stimulation was
confirmed by making a single mutation within the 210 region
of BtII which inactivated this promoter (mutation 1076 [Table
1]). Both the 272 and 1076 mutations resulted in further devi-
ations from the B. subtilis 210 consensus sequence for sK (and
sE) (Table 1). When the 210 region was changed to the sE

consensus (mutation 1077), there was transcription from both
promoters but at a greatly reduced rate. Single base pair
changes within the spacer region but outside the BtII 210
sequence (mutations 1078 and 1079) had no effect (Table 1).

Effect of a promoter-up mutation on mRNA and protoxin
accumulation. The cry1Ac1 gene containing the 272 promot-
er-up mutation was cloned and electroporated into strain
CryB. Early in sporulation (equivalent to about 13 h in Fig. 4),
there was 2.2-fold more cry1Ac1 mRNA in this strain than in a
strain containing the cry1Ac1 gene with the wild-type promot-
ers (CryB/pHT3101-1Acwt) (Fig. 6). At a later time (.70%
phase-white endospores; equivalent to 18-20 h in Fig. 4), there
was 30% less cry1Ac1 mRNA in the mutant. This decrease was
due to the lack of transcription from the BtII promoter and
decay of the earlier-transcribed mRNA.

The accumulation of Cry1Ac antigen in sporulating cells was
determined over a 3-h period from about hour 13 to 16 in Fig.
4, when there was transcription from the BtI promoter. There
was 2.5 times more antigen in the mutant than the wild type at
the first sampling time and about 40% more 90 min later; the
values were about equal after an additional 90 min (Fig. 7A).

FIG. 3. Reverse transcriptase mapping of the transcription of the cry1Ac1
gene in strain 80-21 (A) and B. thuringiensis subsp. kurstaki HD73 (B). In both
cases, transcription from BtI started at about T2 and sporulation was completed
11 to 12 h after T0.

FIG. 4. b-Galactosidase synthesis in B. thuringiensis 80-21 containing plasmids with the cry1A gene promoter region fused to lacZ. The fusions contained the
wild-type promoter (■), the 272 mutant BtII promoter (h), and the 271 mutant BtI promoter (E). The cells were grown and sporulated in G-Tris medium plus 7 mg
of chloramphenicol per ml and sampled as described in Materials and Methods. In all cases, exponential growth ended at about 10 h.
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Following completion of sporulation, protoxin was extracted
from the spore-plus-inclusion mixtures and from purified in-
clusions. The amount of protoxin antigen in spore-plus-inclu-
sion extracts from the mutant was 50% higher than that in
extracts from the wild type, but the amount in purified inclu-
sions was 2.5-fold less (Fig. 7B). On the whole, inclusions
produced by CryB/pHT3101-1Ac272 were much smaller than
those produced by strain CryB/pHT3101-1Acwt (Fig. 8B and
C).

Despite the hyperactivity of the BtI promoter in the mutant,
there was an impairment in protoxin accumulation, especially
in inclusions. Since both transcription and translation of the
cry1Ac1 gene were enhanced in the mutant at early times, the
lack of protoxin accumulation was most likely due to turnover.
This possibility was examined by pulse-chase immunoprecipi-
tation experiments as described in Materials and Methods
(Fig. 9). There was a twofold-enhanced synthesis of 14C-
Cry1Ac protoxin in the mutant during the earliest 7-min label-
ing, consistent with the protoxin antigen accumulation results
in Fig. 7. In the mutant, however, almost all of the protoxin
turned over, in contrast to its stability in the wild type (Fig. 9,
compare lanes 1 and 2 with lanes 7 and 8). Even an hour later,
at least half the 14C-protoxin in the mutant was unstable. This
unstable fraction decreased over an additional 3 h until the
switch in transcription from BtI to BtII. At this time, there was
very little additional synthesis of protoxin in the mutant.

DISCUSSION

Fusions of the cry1A gene promoters to lacZ were used to
establish the pattern of transcription of this class of protoxin

genes. The timing and relative transcription from each of the
cry1Ac1 promoters (Fig. 3) were independent of the presence
of other cry1A genes and consistent with the reverse transcrip-
tase mapping results obtained with the cry1Ba1 gene (11).

The 210 region of the BtII promoter within the spacer
region of the BtI promoter is critical for regulation. Mutations
which departed from the consensus sE or sK sequence resulted
in stimulation of transcription (Fig. 4 and 6; Table 1), whereas
a change to the sE consensus was inhibitory (mutation 1077
[Table 1]). These results imply that sE or some form of RNA
polymerase containing this subunit is involved in the regula-
tion. Transcription from BtI occurs primarily before there is
functional sK (although pro-sK may be present), so this sigma
subunit is unlikely to be involved. In addition, transcription of
the cry1Aa1 gene in a strain lacking sK was unaltered at early
times, with no evidence for enhanced expression (10). Unpro-
ductive binding of sE RNA polymerase to the BtII promoter
could modulate transcription from BtI.

In general, promoter function is most severely affected by
mutations in the 210 and 235 regions, but some within the
spacer region which alter promoter bending (35) or perhaps
other properties, such as conformation (29, 35, 45), can be
detrimental. Promoter-up mutations in this region are rare,

FIG. 5. Reverse transcriptase mapping of the start sites of transcription from the wild-type (Wt) and mutant (271 and 272) promoters in plasmid pHT/pSGMU-P
in B. thuringiensis 80-21. The start sites for BtI and BtII are shown on the right. The Wt RNA was prepared from cells at the equivalent of 14 to 15 h in Fig. 4, the
RNA for the 271 lane was prepared from cells at the equivalent of 16 to 17 h in Fig. 4, and the RNA for the 272 lanes (separate gel) was prepared from cells at the
equivalent of 16 and 17 h in Fig. 4. All of the sequencing lanes are in the order AGCT as indicated in the panel on the right side. Note that these sequencing lanes
start six bases lower than the Wt and 271 sequencing lanes and that this sequence is compressed at the top.

FIG. 6. Northern hybridizations of 20 mg of RNA prepared from CryB/
pHT3101-1Acwt (lanes 1 and 4) and CryB/pHT3101-1Ac272 (lanes 2 and 3) at
T2.5 (lanes 1 and 2) and T6 (lanes 3 and 4) of sporulation. Hybridization and
quantitation of both bands were done as described in Materials and Methods.
The upper bands in each lane are the expected size for cry1Ac1 mRNA; the
lower, less prevalent bands are apparently stable degradation products.

FIG. 7. (A) Immunoblot of cell extracts of strains CryB/pHT3101-1Acwt
(lanes 1 to 3) and CryB/pHT3101-1Ac272 (lanes 4 to 6) sampled at T1.5 (lanes 1
and 4), T3.0 (lanes 2 and 5), and T4.5 (lanes 3 and 6). Electrophoresis and
treatment with a Cry1Ac antibody were done as described in Materials and
Methods. (B) Stained SDS–10% PAGE of crude spore-inclusion mixtures (lanes
1 and 2) and of purified inclusions (lanes 3 and 4) from CryB/pHT3101-1Acwt
(lanes 1 and 3) and CryB/pHT3101-1Ac272 (lanes 2 and 4). Standards (STD),
from top to bottom, are 116, 97, 66, 45, and 29 kDa.
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although a regulatory region analogous to the one described
here is present in the spacer region of a DNA replication gene
promoter in Caulobacter (46). While the sequence of this reg-
ulatory region was very similar to that of the 210 region, there
was no evidence for overlapping promoters.

Related protoxins (such as the Cry1 types) are packaged into
single inclusions (3). The packaging involves extensive inter-
molecular disulfide bond formation (9), so rate-limiting steps
involving chaperones (2, 8) and disulfide interchange reactions
(9) are likely. In such a multistep assembly process, efficient
packaging over a prolonged time during sporulation may de-
pend upon a mechanism for controlling the rate of protoxin
synthesis. The results reported here indicate that this control
can be achieved by the overlap of two mother cell sporulation
promoters. Additional regulatory mechanisms are required for
the differential transcription of the multiple protoxin genes
(44) and to balance protoxin synthesis with that of mother cell
spore components.

While there is a small amount of transcription of some cry
genes at the end of growth (8, 47), most synthesis does not
occur until stage II of sporulation, when sE RNA polymerase
becomes functional. Parenthetically, this timing coincides with
the conditions necessary for inclusion assembly. Toxins active
on Lepidoptera and Diptera form inclusions consisting of pro-
toxins cross-linked by disulfide bonds and thus require the
more oxidative conditions found in sporulating cells (40). In
contrast, inclusions comprised of the Cry3Aa1 protoxin prob-

ably do not contain disulfide bonds (2), and this protoxin is
readily solubilized at a lower pH in the absence of a reducing
agent (reflecting conditions in the midgut of susceptible cole-
opteran larvae). Transcription of this gene is not dependent
upon sporulation, and there is a novel sA-like promoter which
functions in late exponential-phase cells (2). Differences in the
time of expression of protoxin genes may in part reflect the
intracellular conditions needed for inclusion assembly.

It was possible to substantially increase the size of inclusions
comprised of the Cry3Aa1 toxin either by expressing a cloned
gene in a spo0A deletion strain (25) or by using a hybrid
promoter (34). In the latter case, a 12.7-fold enhancement of
Cry3Aa1 protein accumulation over that of the wild-type strain
was found, but the toxicities were comparable. Apparently,
these large inclusions either were not readily ingested or were
not solubilized. In contrast, only a twofold increase in total
Cry1 protoxin was obtained by introducing an additional gene,
cry1Ca1, into the chromosome of B. thuringiensis subsp.
kurstaki HD73 (22). The regulated expression of the cry1 genes
by overlapping promoters as well as other regulatory steps in
inclusion assembly could account for the less extensive en-
hancement of Cry1 protoxin accumulation.
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