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Bacillus thuringiensis accumulates, primarily during sporulation, large quantities of insecticidal protoxins
which are deposited as crystalline, intracellular inclusions. Most subspecies contain several plasmid-encoded
cry genes, each of which has a unique specificity. The overall toxicity profile of a subspecies depends not only
on the array of cry genes present but also on the relative expression of the genes. In general, transcription
depends on sporulation-specific sigma factors, but little is known about regulation of expression of the
individual genes. In order to determine whether expression of a particular cry gene varies in different
subspecies, lacZ fusions to the cry promoters of two protoxin genes (cryl class) were constructed. Protoxin
accumulation and mRNA contents were also measured by performing immunoblotting and Northern analyses,
respectively. The expression of a crylAb-lacZ fusion, but not the expression of a crylC-lacZ fusion, was three to
four times lower in B. thuringiensis subsp. aizawai strains than in B. thuringiensis subsp. kurstaki or B.
thuringiensis subsp. tolworthi. Also, the CrylAb antigen and steady-state mRNA contents of B. thuringiensis
subsp. aizawai were lower. The regulation of the genes must involve regions upstream of the promoters which
are unique to each cry gene since (i) mutations in the upstream region of the cryl4b gene resulted in enhanced
expression in B. thuringiensis subsp. aizawai and (ii) no differences were found when the lacZ fusions contained
the crylAb promoters but no upstream sequences. The capacity to regulate each of the protoxin genes must be

a factor in the overall protoxin composition of a subspecies and thus its toxicity profile.

In most subspecies the crystalline inclusions produced by
sporulating cells of Bacillus thuringiensis consist of a mixture of
closely related protoxins, each of which is active against a
subset of insect larvae (6, 15). The plasmid-encoded cry genes
are transcribed throughout much of sporulation by forms of
RNA polymerase which function in the mother cells, but there
are variations in the types of promoters, as well as in the times
of transcription of certain classes of these genes (1, 9).

Each of the many subspecies produces its own array of
protoxins, which very often is a mixture of Cryl types (6, 15).
There is evidence that the cryl genes are transcribed differen-
tially (2) and that the relative amounts of the protoxins in
inclusions differ (20, 21). There were also medium-dependent
differences in the protoxin yields obtained by Dulmage (13),
but since complex media were used, the specific factors in-
volved could not be defined.

The previous reports suggest that regulation of expression of
the individual cry genes is probably important for determining
the overall toxicity profile of an isolate. In addition to the
relative amounts of the various protoxins, inclusion solubility
(2, 16) and synergism between certain toxins (19, 31) are also
factors to consider. In order to analyze this regulation in more
detail, plasmids containing fusions of the cryl regulatory re-
gions to lacZ were introduced into various B. thuringiensis
subspecies. Subspecies-dependent differences in expression
were found, and these differences were confirmed by measur-
ing protoxin antigen and mRNA contents. Regions upstream
of the promoters were found to be important for this regula-
tion.
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MATERIALS AND METHODS

Strains and growth. The strains used and their origins are listed in Table 1.
The presence of the crylAb gene in B. thuringiensis subsp. kurstaki HD1, B.
thuringiensis subsp. aizawai HD133, B. thuringiensis subsp. aizawai HD112, and B.
thuringiensis subsp. tolworthi HD124 had been established previously either by
Southern hybridization (26) or by PCR analysis (11, 17, 18). Slot blotting with a
specific crylAb oligonucleotide (17) was used to demonstrate that the relative
amounts of cry/Ab DNA were the same in these subspecies (2, 3).

In order to establish that the regions upstream of the crylA4b coding sequences
were essentially the same in these subspecies, 1,025 bp of each sequence was
amplified by PCR (27) by using oligonucleotides 5'GAATGGTTGGCATGCC
GAAGACGG and 5'GGTTACTTAAACAATTATAAGG. The approximately
1-kb sequences upstream of the promoters of the three crylA genes (crylAa,
crylAb, and crylAc) in B. thuringiensis subsp. kurstaki HD1 were found to differ
at only one base (14), and the sequence of the crylAb gene was confirmed (Fig.
1). Based on this sequence, restriction enzymes Hpal, Nsil, Ndel, and Nsil plus
Ndel were used to demonstrate that the PCR digestion products of B. thurin-
giensis subsp. kurstaki HD1, B. thuringiensis subsp. aizawai HD133, and B. thu-
ringiensis subsp. tolworthi HD124 were the same size.

The plasmid-cured strains 80-21, 5, and HD124-12 and the uncured strain
HD112 served as hosts for the lacZ fusion plasmids. A cloned crylAb gene (8)
was introduced by electroporation (28) into strains 80-21 and 5. This clone and
all of the lacZ fusion plasmids were stable in the various strains, as judged by the
constant level of resistance to chloramphenicol, the inability to find plasmid
deletions after reisolation, and (for the cry1A4b clone) the extent of hybridization
with the specific oligonucleotide probe in slot blots (2). Cells were grown in Luria
broth (27) for preparation of DNA and in G-Tris medium (4) for all other
experiments.

Preparation of nucleic acids. DNA and RNA were prepared (7, 8) from B.
thuringiensis subsp. kurstaki HD1, strain 80-21, B. thuringiensis subsp. aizawai
HD112 and HD133, and B. thuringiensis subsp. tolworthi HD124. RNA was
isolated from cells 1 h after clumping (early sporulation with no visible endo-
spores), about 1 h later when 40 to 50% of the cells contained phase-dull
endospores, and after an additional 90 min when >80% of the cells contained
phase-white to phase-bright endospores.

RNA was fractionated in an agarose gel for Northern blotting (27). A nitro-
cellulose filter was incubated with 35 pmol of *?P-labeled 5’CGGATGCTCAT
AGAGGAAGAA, an oligonucleotide unique to the crylA4b gene (17) which had
been labeled by using [y-**P]JATP and polynucleotide kinase (27). The X-ray
films were scanned with a Phospholmager in order to determine relative
amounts.
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TABLE 1. B. thuringiensis strains used

Strain® Protoxin gene composition Origin Reference(s)
B. thuringiensis subsp. kurstaki HD1 crylAa, crylAb, crylAc, cryllA, cryllB H. Dulmage, lab strain® 20
B. thuringiensis subsp. kurstaki 80-21 crylAa, crylAc, cryllA, cryllB Plasmid-cured HD1 2,7
B. thuringiensis subsp. aizawai HD133 crylAa, crylAb, crylC, crylD NRL, lab strain”* 5,17, 21
B. thuringiensis subsp. aizawai 5 crylAa, crylC, crylD Plasmid-cured HD133 2,5,7
B. thuringiensis subsp. aizawai HD112 crylAb, crylC, crylD? NRL
B. thuringiensis subsp. tolworthi HD124 crylAb, crylC, crylEY NRL
B. thuringiensis subsp. tolworthi 124-12 crylC, crylE Plasmid-cured derivative 2

“ HD, original Howard Dulmage collection of strains.
b The strain has been maintained in the laboratory for a number of years.

¢ NRL, Howard Dulmage collection kept by L. K. Nakamura, Northern Regional Laboratory, Peoria, Ill.

4 The gene composition may be incomplete (7).

lacZ fi and B-galactosidase assays. A plasmid containing the promoter
region of the crylA gene with or without 280 bp upstream of the promoters fused
to lacZ has been described previously (29). A 780-bp fragment upstream of the
promoters of the cryIC gene (30) was introduced in the same way. Both of these
genes contain overlapping promoters, designated BtI and BtII, with the following
sequences (in which the boldface segments indicate the sequences of —35 o,
—35 ¢F, —10 0%, and —10 oF in that order): TTAGTTGCACTTTGTGCATTT
TTTCATAAGATGAGTCATATGTT in crylA and TTTGTTACGTTTTTTGTAT
TTTTTCATAAGATGTGTCATATGTT in crylC. The Btl promoter is recognized
by o RNA polymerase, and BtII is recognized by o RNA polymerase (9). The
locations and sequences of the —10 regions are identical in these two genes. The
—35 regions differ at one base for the oF promoter and at two bases for the ¢
promoter. Neither of these —35 regions is highly conserved in Bacillus subtilis
(25). However, the sequences differ substantially for at least 1 kb upstream of the
promoters (Fig. 1) (30, 33).

Mutations in the —10 region of the BtII promoter (Fig. 1) which resulted in
differences from the consensus sequence for both ¢® and o resulted in inacti-
vation of BtII and a fivefold-greater rate of expression from the BtI promoter
(29). One mutant promoter, designated crylA4-272, was used for many of our
studies because the B-galactosidase activity with this promoter was much higher
than that with the wild-type promoters and thus differences in expression could
be readily detected. In all cases in which we observed differences with the
crylA-272 promoter, the differences were confirmed with the wild type.

The upstream sequences were added in the correct orientation as 280- or
780-bp HindIII fragments to the crylA4-272 or crylA wild-type promoters fused to
lacZ (29, 32). The upstream region of the crylA gene contains an inverted repeat
(IR) and a potential bend sequence about 200 to 250 bp from the dual promoters
(Fig. 1). These regions were selected previously for mutagenesis on the basis of
the footprint of a binding protein (32). The mutations resulted in decreased
binding of this protein, as well as altered kinetics of expression of lacZ fusions
(32). Each mutant crylA sequence was introduced as described above for the wild
type.

The lacZ fusion plasmids were electroporated into the various B. thuringiensis
strains (28) with selection on G-Tris plates containing 7 pg of chloramphenicol
per ml. The presence of a functional /lacZ gene was established by streaking
preparations onto G-Tris plates containing chloramphenicol onto which 0.1 ml of
1% methylumbelliferyl-B-p-galactoside (Sigma) in 50% dimethylformamide had
been spread and then examining the plates with a long-wavelength UV lamp.

In order to demonstrate that the lacZ fusion plasmids had not undergone any
deletions or rearrangements, they were reisolated from B. thuringiensis transfor-
mants by the alkaline lysis procedure (10) and electroporated into the other B.
thuringiensis strains. Consequently, 3-galactosidase contents were confirmed by
using subspecies which contained the same lacZ fusion plasmid. The lacZ fusion
plasmids from B. thuringiensis were also transformed into Escherichia coli DH5a.
These plasmids were digested with HindIII and Bg/II (29) in order to establish
that no major deletions or rearrangements had occurred.

Duplicate samples of cells grown as described above were removed throughout
sporulation at 90- to 120-min intervals until free spores were released. The
samples were frozen at —80°C. The optical densities at 600 nm were also deter-
mined with a Perkin-Elmer junior model 35 spectrophotometer until the cells
became extensively clumped at the end of growth (at least when they were grown
on glucose). B-Galactosidase assays were performed with 30- to 50-pl aliquots
(29) in duplicate, and the data obtained were converted to Miller units (22). The
specific activities were expressed in Miller units per unit of optical density at 600
nm, and the maximum values are reported below. These values are the averages
of the values from at least three independent experiments, and the coefficients of
variance were less than =10% in all cases.

Detection of protoxin antigens. Spores plus inclusions were harvested (usually
after 24 h) and washed, and the relative spore concentrations were determined
by direct counting in a Petroff-Hauser chamber (in triplicate) and by determining
the absorbance at 600 nm. The values agreed well, and equal quantities of spores
(plus inclusions) were pelleted and then extracted (5). The inclusions were
purified in Renografin gradients, and the protoxins were solubilized as described
previously (5, 8).

To prepare cell extracts, B. thuringiensis subsp. kurstaki HD1 and B. thurin-
giensis subsp. aizawai HD133 were grown at 30°C in 80 ml of G-Tris until about
50 or 80% of the cells contained phase-white to phase-bright endospores. At
each time point, 30 ml of cells was harvested, washed once with 10 ml of 1 M
KCl-5 mM EDTA (pH 8.0) and twice with 10 ml of deionized water, and
resuspended in 80 pl of 6 M urea—1% sodium dodecyl sulfate-5 mM dithiothre-
itol-2 mM phenylmethylsulfonyl fluoride (pH 9.6) (5). The suspensions were
sonicated on ice twice for 40 s each time with a microtip and a Branson model
200 Sonifier. The suspensions were then placed in a boiling water bath for 2 min.
The protein contents were determined by using 5-pl portions and the bicincho-
ninic acid reagent (Pierce Chemical Co.). The samples were first precipitated in
1 ml of 10% trichloroacetic acid, and the pellets were dissolved in 0.2 ml of 0.2

1 CTAAATGAGA ATGGTTGGCA TGCCGAAGAC GGGAATGGAG CGGGTAATCG CTCGTCTATC GGCATTGAAA TTTGTGAAAA TCGTGATGGT AATTTTGAAA
101 AAGCCTTAAC CCATGCTGCG GGTCTCGTTA AGTTTCTCAT GGCTCACCTT GGATTAAAGA TTGGGAACGT AGTTTCCCAT CAACATTGGA GTGGAAAGAA
201 CTGTCCACGT CCGATATTTA ATCGACCAGG TGGATTTGAG GGTTTCAAGA GGATGATTGA AGATAGTCTA AACGATATGG TTGTAGAGAA TCATAACAAG
301 GATGCGGGTA CACAAGGATT AGGAATTGCT TACATGGAAG GTGTAAATAT TAACCTTCGC AGAGGACCTA GCACGAGTAG TGATGTAATT CGTAAATTGA
401 ACAAACCTGA ATCTTATATT GTTTGGGAAG AACGTGAGGG CTGGCTGAAG CTAGGTAATT CATGGGTGAA ATATGACTCT TCCTATATTT ACTTTGCCCG
501 TAGACAAACG AGTAATATTG GTAAATTAGT GGTTGTAGAT ACAAACGAAT TATGGGTCTA TGGTTCTGCT AATTGGAATG ATAAGATTAA GACTGTAAAA

601 AAAGGGGAAG CATTTACAAT TCAAGATGAA TTGCAGGTAA ATGGTTCTAA CATGTATAAG TGTAAGTATT TCTACATTAC CACAAATTCT

701|ATGTAAAATA GGAAAAGTGG ATTTTATATIﬂ TAAGTATAAA AAGTAATAAG ACTTTAAAAT AAGTTAACGG AATACAAACC CTTAATGCAT TGGTTAAACA

801 TTGTAAAGTC TAAAGCATGG ATAATGGGCG AGAAGTAAGT AGATTGTTAA CACCCTGGGT CAAAAATTGA TATTTAGTAA AATTAGTTCG ACTTTGTGCA
] |
901 CATA AGATGAGTCA TATG AA ATTGTAGTAA TGAAAAACAG TATTATATCA TAATGAATTG GTATCTTAAT AAAAGAGATG GAGGTAACTT

FIG. 1. Sequence of the region upstream of the cry/A4 protoxin gene. The Btl and BtII promoters are underlined with one line and two lines, respectively. The start
sites of transcription for BtI and BtII are indicated by I and II, respectively. The regions in boldface type are the potential bend and IR (arrows) sites of binding of
the pyruvate dehydrogenase E2 protein (32, 33). The GenBank accession no. of this sequence is AF039908.
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TABLE 2. Expression of cryl-lacZ fusions in various
B. thuringiensis subspecies

Sp act of B-galactosidase in”:

lacZ fusion

Strain Strain Strain Strain

80-21 5 HD124-12 HD112
crylA® 39.0 11.0 36.0 10.0
crylC¢ 30.0 26.0 ND¢ ND
Bend? 31.0 32.0 ND 19.0
IR? 30.0 29.0 ND ND
crylA promoters only 8.0 7.5 ND ND

“ Average values expressed as the maximum number of Miller units per unit of
absorbance at 600 nm at the end of growth; the coefficients of variation were less
than * 10%. The values for strains 80-21 and 5 are the values obtained for the
original transformants with plasmids isolated from E. coli. The lacZ fusion
plasmid from strain 5 was electroporated into HD124-12. This plasmid and the
other plasmids were also reintroduced into strain 80-21, and the plasmids from
strain 80-21 were electroporated into strain 5.

® A 280-bp region upstream of the promoters was ligated to the cryl4-272~
lacZ fusion (29).

¢ A 780-bp region upstream of the cry/C promoters was ligated to the crylA4-
272-lacZ fusion.

4 The 280-bp crylA upstream region was ligated to crylA-272-lacZ, but the
potential bend or IR region was mutated (Fig. 1) (32). The bend mutation (Fig.
1, boldface region) involved changes in 5’CTCAGTCTGTCTATGTAGAACA
GGACAAGTG (changes in boldface type). The IR was mutated to 5'CCTGC
AGTTAAGCCTGAATTGTAAATGC.

¢ ND, not determined.

N NaOH. Equal quantities of protein were electrophoresed on sodium dodecyl
sulfate-10% polyacrylamide gel electrophoresis gels and transferred to polyvi-
nylidene difluoride membranes for immunoblotting with a CrylAb monoclonal
antibody plus a rabbit anti-mouse alkaline phosphatase conjugate or a CrylAc
rabbit polyclonal antibody plus an anti-rabbit alkaline phosphatase conjugate
(24).

RESULTS

Subspecies variation in cry gene expression. Expression of
the crylA-lacZ fusion was three- to fourfold less in either of the
two B. thuringiensis subsp. aizawai strains examined, strain 5
(derived from HD133), or HD112 than in B. thuringiensis
subsp. kurstaki 80-21 or B. thuringiensis subsp. tolworthi
HD124-12 when the organisms were grown in G-Tris supple-
mented with 0.1% glucose (Table 2). The lacZ fusion plasmid
isolated from strain 5 had been used for transformation of
strain HD124-12 and was also reintroduced into strain 80-21 in
order to confirm the results. Similarly, the lacZ fusion plasmid
from the original transformant of strain 80-21 was electropo-
rated into strains 5, 80-21, HD124-12, and HD112, and the
results were identical to those shown in Table 2. At the same
time, these plasmids were transformed into E. coli DH5a in
order to establish that there had been no major changes in the
sizes of the plasmids or of the HindIII-Bg/II restriction frag-
ments (29).

The differences observed with the crylC-lacZ fusion were
marginal (Table 2). This is a hybrid construct containing the
crylA-272 promoters plus the cryl C upstream region. Since the
crylA and cryIC genes have very similar dual overlapping pro-
moter sequences (see above), such a construct should provide
a valid assessment of the contribution of the upstream crylC
sequence to transcription in the various subspecies. The sub-
species-specific responses of the crylA and cryIC genes are
likely to be due, therefore, to certain unique features of the
upstream sequences. These sequences differ substantially in
the crylA (Fig. 1) and cryIC (30) genes.

Further evidence that these upstream sequences have a reg-
ulatory function included (i) the fact that the B-galactosidase
specific activities for a fusion of only the crylA promoters to
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FIG. 2. Northern blot of RNA (5 or 10 ng per lane) prepared from sporu-
lating cells (>80% phase-dull to phase-white endospores) hybridized with 35
pmol of a 32P-labeled oligonucleotide specific for the crylA4b gene (see Materials
and Methods). Lane 1, 5 pg of RNA from B. thuringiensis subsp. aizawai HD133;
lane 2, 5 wg of RNA from B. thuringiensis subsp. kurstaki HD1; lane 3, 10 pg of
RNA from B. thuringiensis subsp. aizawai HD112; lane 4, 10 pg of RNA from B.
thuringiensis subsp. tolworthi HD124.

lacZ in the absence of the upstream sequence were the same in
strains 80-21 and 5 (Table 2) and (ii) the fact that mutations
which substantially changed the potential bend region or the
IR in the crylA upstream sequence (Fig. 1) (33) resulted in
somewhat lower specific activities in strain 80-21. However, the
specific activities in strain 5 were the same as the specific
activities in strain 80-21 and almost threefold higher than the
specific activities in the wild type (Table 2). In the other B.
thuringiensis subsp. aizawai strain, HD112, there was an ap-
proximately twofold increase in the specific activity due to the
bend mutation. This strain had a different origin and perhaps
a different cry gene composition than the other B. thuringiensis
subsp. aizawai strain, HD133, and had not been cured of the
plasmid containing the crylAb gene.

Measurements of cryl4b mRNA. Total RNA from sporulat-
ing cells was fractionated in an agarose gel (27), transferred to
nitrocellulose, and hybridized to a **P-labeled oligonucleotide
specific for the crylAb gene (Fig. 2). The relative contents of
crylAb mRNA were 0.28:1.00 for HD133 and HD1 (Fig. 2,
lanes 1 and 2) and 0.3:1.00 for HD112 and HD124 (lanes 3 and
4). The results obtained with RNA prepared from cells with
>80% phase-dull to phase-white endospores are shown in Fig.
2, but the same differences were observed with RNA prepared
at two earlier times during sporulation (see above). The dif-
ferences in steady-state mRNAs were about the same as the
differences found with lacZ fusions (Table 2), which confirmed
that there were differences in transcription of this cry gene in
the subspecies.

Measurements of CrylAb antigen. All of the subspecies
which we studied contain several cryl genes, including crylAb
(Table 1). On the basis of the results obtained with the lacZ
fusions, we anticipated that the amount of CrylAb antigen in
B. thuringiensis subsp. aizawai inclusions should be less than
the amount of CrylAb antigen in B. thuringiensis subsp.
kurstaki or B. thuringiensis subsp. tolworthi inclusions. Protoxins
were extracted from purified inclusions and electrophoresed
for staining or immunoblotting (Fig. 3). The total amounts of
inclusion protein in the three subspecies were about the same
(Fig. 3A), but there was considerably less CrylAb antigen in B.
thuringiensis subsp. aizawai inclusions than in the inclusions of
the other organisms (Fig. 3B). A CrylA polyclonal antibody
which also cross-reacted with other Cryl protoxins was used
(Fig. 3C), and no major differences in the total protoxin anti-
gen content were found.

The CrylAb antigen content of purified inclusions from B.
thuringiensis subsp. aizawai HD133 (Fig. 3B) was considerably
less than the content anticipated based on the measurements
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FIG. 3. Analysis of protoxins extracted from purified inclusions from B. thu-
ringiensis subsp. kurstaki HD1 (lanes 1), B. thuringiensis subsp. aizawai HD133
(lanes 2), and (3) B. thuringiensis subsp. tolworthi HD124 (lanes 3). (A) Stained
sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis gel with 2 pg of
protein in each lane. The standards used (lane STD) were (from top to bottom)
myosin (205 kDa), B-galactosidase (116 kDa), phosphorylase b (97.4 kDa), and
bovine serum albumin (66 kDa). (B) Immunoblot obtained with a CrylAb
monoclonal antibody containing the same amounts of protein. (C) Immunoblot
obtained with a CrylA polyclonal rabbit antibody.

of B-galactosidase activity (Table 2) or mRNA (Fig. 2). There
was some variability in the recovery of CrylAb antigen from
inclusions, which was attributable to the instability of this pro-
toxin (23). When protoxins were extracted from sporulating
cells as well as from spore-inclusion mixtures immediately
upon their release, the ratios of Cryl Ab antigen content for B.
thuringiensis subsp. kurstaki HD1 and B. thuringiensis subsp.
aizawai HD133 were 2.4:1 and 2.8:1 for the cell extracts and
3.0:1.0 (including the 130- and 60-kDa antigens) for the spore-
inclusion mixtures (Fig. 4A). These ratios are consistent with
the B-galactosidase and mRNA values obtained for these sub-
species.

Differences in the amounts of CrylAb antigen may also be
due to small differences in the sequences of the CrylAb pro-
toxins in the two subspecies and thus in the extent of reactivity
with the monoclonal antibody prepared against the B. thurin-
giensis subsp. kurstaki HD1 CrylAb protoxin. In order to ex-
amine this possibility, a clone of the cryl4b gene from B.
thuringiensis subsp. kurstaki HD1 (8) was introduced into
strains 80-21 and 5. Protoxins were extracted from spore-in-
clusion mixtures, and the CrylAb antigen contents were de-
termined with the monoclonal antibody (Fig. 4B). The ratio of
the major reactive bands at 130 kDa was >3.0:1.0, which con-
firmed that the expression of this cry gene was subspecies
dependent.

1 2 3 4 5 6

i 44

FIG. 4. Immunoblots with a CrylAb monoclonal antibody of extracts from
sporulating cells (lanes 1 to 4 in panel A) or spore-inclusion mixtures (lanes 5 and
6 in panel A; lanes 1 to 3 in panel B). (A) Extracts of sporulating cells of B.
thuringiensis subsp. kurstaki HD1 (lanes 1 and 2) and B. thuringiensis subsp.
aizawai HD133 (lanes 3 and 4) were prepared when either 30% of the cells (lanes
1 and 3) or 60% of the cells (lanes 2 and 4) contained phase-bright endospores.
Equal quantities (50 pg) of protein in the extracts were electrophoresed. Lanes
5 and 6 contained extracts of washed spore-inclusion mixtures of each strain. (B)
Extracts of spore-inclusion mixtures of strain 80-21 transformed with a clone of
the crylAb gene (lane 1), strain 80-21 (lane 2), and strain 5 transformed with the
same clone (lane 3). For all of the spore-inclusion mixture extractions, the same
quantity of spores was used. Lane STD contained (from top to bottom) 200-,
116-, 90-, and 65-kDa standards. See Materials and Methods for details concern-
ing strain construction and extraction procedures. The staining intensities were
quantitated with a General Dynamics ImageQuant apparatus.
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DISCUSSION

Subspecies-dependent differences in the expression of a cry!
gene were established with lacZ fusions and were confirmed by
measuring crylAb mRNA and CrylAb protoxin antigen con-
tents of sporulating cells and inclusion-spore extracts. In all
cases, the cells were grown with glucose as the major carbon
source. Similar differences were found when other carbon
sources were used, although the absolute B-galactosidase spe-
cific activities differed (12).

The crylAb gene is present on a 40- to 50-kDa plasmid in all
of the subspecies examined (2, 7). The copy numbers appear to
be very similar based on hybridization in slot blots of total
DNA with a crylAb-specific probe (2). In addition, differences
in transcription were found with identical lacZ fusion plasmids,
as well as with the same clone of the crylA4b gene (Fig. 4B).

This subspecies-dependent regulation is attributable to the
region upstream of the promoters since (i) there were no
differences when only the promoters were fused to lacZ, (ii)
fusion of the cryIC upstream region did not result in any
difference, and (iii) the low level of transcription in strain 5 was
enhanced by mutations in the potential bend and IR regions
(Fig. 1) in the crylA upstream sequence (Table 2). The seg-
ments used for mutagenesis were selected because a DNA
binding protein identified as the E2 subunit of pyruvate dehy-
drogenase footprinted to these sites (32). There were de-
creases in the rates of B-galactosidase synthesis (as well as in
the maximum specific activities, as shown in Table 2) in strains
containing lacZ fusions with either the bend or the IR region
mutated (32).

There were similar differences in steady-state crylAb
mRNAs (Fig. 2), as well as in the relative accumulation of the
CrylAD protoxin in sporulating cells, between B. thuringiensis
subsp. kurstaki and B. thuringiensis subsp. aizawai (Fig. 4A).
The amounts of this protoxin in spore-inclusion extracts and
especially in purified inclusions were somewhat variable. When
CrylAbD is the only protoxin produced, it is unstable, but it is
stabilized by disulfide cross-linking to other protoxins in an
inclusion (2, 23). Perhaps this protoxin does not cross-link as
well with the CrylC and CrylD protoxins in B. thuringiensis
subsp. aizawai as it does with the more closely related CrylAa
and CrylAc protoxins in B. thuringiensis subsp. kurstaki and
thus is more unstable in the former subspecies.

It is known that media can influence protoxin accumulation
(13), so there may be catabolic properties unique to each
subspecies which account for the differences in expression of
the crylAb gene. This regulation may involve the relative
amount of soluble E2 present in sporulating cells of each
subspecies. This protein binds to cry gene upstream regions,
and it could regulate transcription (32). Alternatively, or in
addition, the protoxin compositions of the various subspecies
may be a factor due to the competition among the cry genes for
limiting transcription components (such as o® and o). This
possibility is difficult to evaluate without information about the
protoxin gene complement of each subspecies, the number of
genes transcribed, and the extent of transcription of each gene
(especially if the same sigma factors are used). Other unspec-
ified subspecies differences may also influence the relative
transcription of the genes. Whatever regulatory mechanism is
involved, the gene-specific differences and the abilities of mu-
tations in the crylA upstream region to overcome low-level
expression of the lacZ fusion in B. thuringiensis subsp. aizawai
must be accounted for.

There are obvious practical implications for the differential
expression of cry genes. Growth and sporulation conditions
could affect the overall protoxin composition of inclusions and
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thus the toxicity profile. This regulation is likely to be signifi-
cant to B. thuringiensis in its natural environment, a possibility
which is worth exploring.
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