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Most Bacillus thuringiensis strains producing toxins active on lepidoptera contain several plasmid-encoded
d-endotoxin genes and package related protoxins into a single inclusion. It was previously found that in B.
thuringiensis subsp. aizawai HD133, which produces an inclusion comprising the CrylAb, CryIC, and CryID
protoxins, there is a spontaneous loss in about 1% of the cells of a 45-mDa plasmid containing the cryl4b gene.
As a result, inclusions produced by the cured strain were less readily solubilized at pH 9.2 or 9.5 and had a
decreased toxicity for Plodia interpunctella, despite the presence of the CryIC protoxin, which was active when
solubilized. These results suggested that protoxin composition was a factor in inclusion solubility and toxicity
and that the cryl4b gene, which is also present on an unstable plasmid in several other subspecies, may have
a unique role in inclusion solubility and toxicity. Introduction of a cloned copy of this gene into the plasmid-
cured derivative of B. thuringiensis subsp. aizawai HD133 resulted in an increase in the solubility at pH 9.2 of
all of the inclusion proteins from less than 20% to greater than 45% and a lowering of the 50% lethal
concentration (LCs,, in micrograms [dry weight] per square centimeter) of inclusions for Spodoptera frugiperda
from 35 to 10. These values are the same as those found with inclusions from B. thuringiensis subsp. aizawai
HD133, and in all cases, the LCy, of the solubilized protoxins was 10. Transformants containing related cryl4
genes produced inclusions which were more than 95% solubilized at pH 9.2 but also had LC,, of 10. The
presence or absence of a particular CryIA protoxin is thus a major factor in inclusion solubility and toxicity.
Since there is instability of a plasmid containing the cryl4b gene in many of these subspecies, the inclusions
produced by a population of these cells must be heterogeneous in terms of solubility and thus toxicity. Such

flexibility may be of adaptive value.

During the postexponential phase, Bacillus thuringiensis cells
produce both a spore and one or two inclusion bodies. In the
case of strains producing Cryl protoxins primarily active on
lepidoptera, the inclusions are made up of one or more disul-
fide cross-linked protoxins (6), each specific for a subset of
these insects (15). The effectiveness of an inclusion obviously
depends upon the activity spectra of the toxins (plus possible
synergism) and its solubility in the larval midgut. For a partic-
ular inclusion, solubility varies with the insect (17) and also
changes as a result of the spontaneous loss of a protoxin-
encoding plasmid (2, 4).

For several well-characterized strains, the protoxin genes are
confined to a few of the many plasmids often present in these
isolates (12). In many cases, two or more of the genes are in
close proximity on a plasmid with a size of >100 mDa (9, 24),
and another gene, frequently cryl4b, is on an unstable plasmid
with a size of 40 to 50 mDa (2). The instability is intriguing,
because a significant difference between the CryIAb protoxin
and related CrylA protoxins is the absence from the carboxyl
half of the former of 26 residues, including four cysteines (11).
This deletion affects not only the stability of this protoxin (10,
21) but probably its disulfide cross-linking with other Cryl
protoxins within an inclusion.

In B. thuringiensis subsp. aizawai HD133 (4) and in other
subspecies (2), the spontaneous loss of a cryl4b-encoding plas-
mid resulted in inclusions which required a higher pH (in the
presence of a sulfhydryl reagent) for complete solubilization.
As a result, there was a lower toxicity of these inclusions for
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certain insects, such as Plodia interpunctella, despite the pres-
ence of an effective toxin (CryIC) in these inclusions (4). Sol-
ubilized protoxins were as active as the inclusions or soluble
protoxins from the parental strain. The instability of a pro-
toxin-encoding plasmid as well as the capacity to transfer these
plasmids from cell to cell (12) is a mechanism for introducing
heterogeneity into the properties of the inclusions produced by
a population of these cells. If so, a key factor would be the
unique properties of the CrylAb protoxin and the location of
this gene on an unstable plasmid.

The special contributions of the CryIAb protoxin to inclu-
sion properties were examined by transforming cloned copies
of the crylAb gene and of related cryl4 genes into a strain
which had spontaneously lost the cryl4b-encoding plasmid.
The resulting inclusions were found to differ most extensively
in their solubility properties, supporting a unique function for
the CryIAb protoxin.

MATERIALS AND METHODS

Bacterial strains and growth. The relevant properties of various strains and of
transformants are summarized in Table 1. Clones of the cryIA and cryIC genes
are described below, and all were introduced by electroporation (25). The cells
were grown in G-Tris medium (5) in a rotary shaker at 30°C for 6 to 7 h for the
isolation of DNA, for various times between 15 to 20 h (20 to 80% with phase
white endospores) for RNA (5), and for 24 to 40 h for complete sporulation and
the isolation of inclusions. Strains containing clones of cry genes were grown in
the presence of either 7 ug of chloramphenicol per ml or 25 g of erythromycin
per ml.

Plasmid constructs. A 7.1-kb BamHI-PstI fragment from B. thuringiensis
subsp. kurstaki HD1 contained the cryl4b gene (11), and this fragment was
cloned into an Escherichia coli-B. thuringiensis shuttle vector designated pTA
(27). This cloning vehicle was constructed by first digesting pBD12 (13) with
Pyull in order to remove a nonessential 1.2-kb fragment from the 6.6-kb plasmid
(14). The 322-bp Pvull fragment containing the multiple cloning site from
pUCI18 was then introduced, and this was followed by a blunt-end ligation of the
1.87-kb SspI-Pvull fragment from pUCI18 into the Scal site in the plasmid. The
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TABLE 1. List of B. thuringiensis strains
Strain Protoxin gene(s) Relevant phenotype Source or reference
HD133 crylAb, cryIC, and crylD Parental strain USDA Northern Regional Lab
5 crylC and cryID Spontaneous loss of the 45-mDa plasmid 4
5/pTA-crylAb crylAb, cryIC, and cryID Clone of B. thuringiensis subsp. kurstaki HD1 This study
crylAb gene in strain 5
S/pHT3101-crylAc crylAc, crylC, and cryID Clone of B. thuringiensis subsp. kurstaki HD73 This study
crylAc gene in strain 5/pHT-crylab with loss of
pHT-crylAb
5/pTA-pAC10 crylAb, cryIC, and crylD Clone of B. thuringiensis subsp. alesti crylAb gene in This study
strain 5
CryB Plasmid-cured derivative of B. thuringiensis subsp. 26
kurstaki HD1
CryB/pTA-crylAb crylAb Clone of B. thuringiensis subsp. kurstaki cryIAb This study
gene in CryB
CryB/pHT3101-crylAc crylAc Clone of HD73 gene (as above) in CryB This study
CryB/pHT3101-cryIC crylC Clone of cryIC gene from strain 5 in CryB This study

7.6-kb shuttle vector contained the ampicillin resistance gene from pUC18 and a
chloramphenicol resistance marker for selection in B. thuringiensis.

The crylAc gene from B. thuringiensis subsp. kurstaki HD73 (1) was cloned into
shuttle vector pHT3101 (19) as an 8.4-kb Sphl-Sall fragment. A 6.5-kb Ndel
fragment containing the cryIAb gene from B. thuringiensis subsp. alesti (18) was
also cloned into pTA. There are several largely conserved amino acid differences
between the two CryIAb protoxins, but perhaps the most significant difference is
the greater stability of the protoxin from subspecies alesti. This greater stability
is due to the presence of 26 residues (including four cysteines) in the carboxyl
half which are missing from the subspecies kurstaki CrylAb protoxin. There is a
deletion of 78 bp between two direct repeats in the cryLAb gene from subspecies
kurstaki HD1 (11) and subspecies aizawai HD133 (3) but not from subspecies alesti.

The cryIC gene was initially cloned from B. thuringiensis subsp. aizawai strain
5 as a 7-kbp EcoRI fragment (based on a partial restriction map [23]) in pUCIS.
An EcoRI digest of total strain 5 DNA was resolved in an agarose gel and a
Southern transfer probed with the specific oligonucleotide shown below. A re-
gion of the gel, ca. 7 kb, was eluted and cloned into pUCI18, and E. coli DH5«a
transformants were screened with the probe. The plasmid from a colony which
produced a CryIC antigen with a size of ca. 130 kDa was used to subclone the
7-kbp EcoRI fragment into pHT 3101 for transformation into CryB (strain
B/pHT3101-cryIC).

These clones were grown in E. coli DH5«, and alkaline minipreps (7) were
used for electroporation (25). The pTA-cryIAb clone was transformed into
strains 5 and CryB to produce strains 5/pTA-crylAb and B/pTA-crylAb (subspe-
cies kurstaki gene). The pTA-pAC10 clone transformed into strain 5 resulted in
strain 5/pTA-pACI10 (subspecies alesti gene). The pHT3101-cryIAc clone was
electroporated into strains 5/pHT-cryIAb and CryB with selection for resistance
to erythromycin. Colonies of strain 5/pHT-cryIAb transformants were then
screened for loss of chloramphenicol resistance. The presence of each of these
plasmids was confirmed by agarose gel electrophoresis (12) and DNA slot blots
(see Fig. 2). Gene-specific oligonucleotides as described below were labeled with
[y->*P]ATP and polynucleotide kinase (22) for hybridization with denatured
DNA. The absence of the cryl4b gene in strain 5/pHT3101-crylAc was confirmed
by these procedures.

The oligonucleotides used for hybridization were 5'CAGAAGAATTGCTTT
CATAGGCTCCGT for crylAb, 5TACCCCAATTAACGTTGAGGTGAATC
GGGG for crylAc, 5" TGTTAATACTATAACTCGTGC for cryIC, and 5’ATAG
CACTTTCAGCAGCAG for cryID. Each labeled oligonucleotide was used for
hybridization to either single-stranded DNA or to total RNA. Conditions for
hybridization and washing were as previously described (5, 22).

Purification, toxicity, and solubility of inclusions. Confluent cultures were
grown on G-Tris agar containing the appropriate antibiotic at 30°C for 36 to 40
h. Spores plus inclusions were scraped from the surface and washed, and inclu-
sions were purified in gradients of Renografin (66% diatrizoate meglumine and
10% diatrizoate sodium; Solvay) as previously described (4, 5). The pure inclu-
sions were dried in a Speed Vac (Savant), weighed, and stored at —20°C.

For bioassays of Spodoptera frugiperda larvae, the inclusions were suspended at
a concentration of 1 mg/ml in 0.03 M NaHCOj; and sonicated briefly to provide
a homogeneous suspension. Various dilutions were prepared in 0.03 M
NaHCO3, and 0.1-ml portions were spread on the surface of diet cups (3 cm in
diameter). The diet was the same as that used for Heliothis virescens bioassays
(5). Eggs of S. frugiperda were obtained from Deryck Perkins, USDA Insect
Biology Laboratory, Tifton, Ga. They hatched within 48 h when kept in a moist
environment at 18°C. First or second instar larvae were used for bioassays, with
10 per dilution being employed. Mortality was determined after 7 days, and the
data were analyzed (5). Each bioassay was repeated at least three times with
separate preparations of inclusions, and the average values for three sets of
experiments are reported.

Protoxin solubility was determined by suspending inclusions at a concentration
of 1 mg/ml in deionized water and sonicating the mixture briefly. Portions were
removed, and the inclusions were pelleted in a microcentrifuge. The conditions
for extraction were based on those shown to be necessary for protoxin solubili-
zation with retention of biological activity (16). Inclusions were initially extracted
twice with 50 pl of 0.03 M Na,CO;-0.2% B-mercaptoethanol, pH 9.2, at 37°C for
20 min each time. The suspensions were centrifuged for 5 min in a microcentri-
fuge, and the supernatants were pooled. The pellets were then suspended in 0.03
M Na,CO;-0.5% B-mercaptoethanol, pH 9.6, and treated as described above.
The final pellets were suspended in 0.2 N NaOH for protein measurements.
Trichloroacetic acid was added to a portion of the extracts to a final concentra-
tion of 12%. After incubation on ice for 10 min, the precipitates were collected
by centrifugation for 10 min in a clinical centrifuge, and the pellets were dis-
solved in 0.2 ml of 0.2 N NaOH. The protein contents were determined with the
bicinchoninic acid reagent (Pierce Chemicals). Portions of these extracts were
also fractionated by sodium dodecyl sulfate-10% polyacrylamide gel electro-
phoresis (SDS-10% PAGE), and the proteins were stained with Coomassie blue
or transferred to a polyvinylidene difluoride membrane for immunoblotting with
the CryIC antibody.

RESULTS

Construction of strains. About 1% of random colonies from
cultures of B. thuringiensis subsp. aizawai HD133 grown at
42°C lacked the 45-mDa plasmid containing a cryI4b gene, as
in strain 5 (4). In some cases, one or more of the other small
cryptic plasmids was also missing. Strain 5 produced only cryIC
and ¢ryID mRNA (4) and thus presumably inclusions com-
posed exclusively of the CryIC and CryID protoxins. The
steady-state concentration of cry/C mRNA was about twice
that of cryID mRNA (relative to gene copy numbers) in both
strain 5 and the parental strain, HD133 (Fig. 1). These genes
are in close proximity on the same large plasmid (23, 24), so
neither plasmid locale nor copy number (Fig. 1) can account
for this difference. The differences in relative amounts of
steady-state mRNAs was confirmed by RNase protection as-
says with gene-specific oligonucleotides (3). It has previously
been established that the half-lives of these mRNAs were 11 to
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FIG. 1. Relative hybridizations of gene-specific oligonucleotides with RNA
and DNA prepared from cells with ca. 60% phase white endospores of B.
thuringiensis subsp. aizawai HD133 (lanes 2) and strain 5/pTA-cryIAb (lanes 1).
Shown are slot blots (in duplicate) of 2 pg of denatured DNA and 10 g of
denatured RNA hybridized to gene-specific 3?P oligonucleotides as described in
Materials and Methods.
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FIG. 2. DNA in slot blots hybridized to gene-specific oligonucleotides as
indicated at the top of each lane. Each slot contained 2 pg of denatured DNA
prepared from cells of the strains listed on the left. Under the conditions used,
there was some cross hybridization of the cryIAc oligonucleotide with the cryl4b
gene. The slots in the ID and IAc lanes are shifted slightly down relative to those
in the other two lanes.

12 min (5), so these differences must be due to differences in
the rates of transcription and presumably (if translational ef-
ficiencies are the same) in the amounts of the protoxins syn-
thesized and packaged into inclusions (20). One of the conse-
quences of the loss of a protoxin gene is the more extensive
transcription of the remaining genes, as shown by the shifts in
protoxin content (2) and by increases in the steady-state mRNA
levels in strain 5 versus those in HD133 in RNase protection
assays (3).

Various crylA cloned genes were introduced into strain 5 or
strain 5/pTA-cryIAb (Table 1) as described in Materials and
Methods. The presence of the cloned genes was confirmed by
slot blots with gene-specific probes (Fig. 2). These clones dif-
fered in copy number from the 45-mDa plasmid containing the
crylAb gene in the parental strain (Fig. 1), and they were more
stable, with a frequency of loss of <1% (3). Despite the dif-
ferences in gene copy numbers, the transcription of the three
protoxin genes in strain 5/pTA-crylAb was very similar to that
in the parental strain (Fig. 1).

Inclusion solubility varies with protoxin composition. Ac-
tive Cryl protoxins can be solubilized from inclusions either in
alkali at pH 11 to 12 or in a mercaptan buffer at a pH of >9.0.
Bipyramidal inclusions from B. thuringiensis subsp. kurstaki
HD1 which contain only CryIA protoxins were more than 80%
solubilized in 0.2% B-mercaptoethanol at pH 9.2 (4), so these
conditions were used initially for the solubilization of inclusion
proteins from B. thuringiensis subsp. aizawai HD133 and its
derivatives (Table 2). As noted previously, solubilization re-
quired a higher pH when the CryIAb protoxin was not present
(strain 5), and the toxicity of such inclusions for P. interpunc-
tella (4) and S. frugiperda (Table 2) was lower than that of
inclusions from the parental strain. For strain 5 and all of the
strain 5 transformants, the toxicity of inclusion proteins solu-
bilized in 0.03 M Na,CO5-2.0% B-mercaptoethanol, pH 9.6,
was the same as that of the inclusions or solubilized protoxins
from strain HD133. The CryIC protoxin must be present in
comparable amounts in these inclusions, since it is the only one
among the two or three present in each inclusion which is
effective on S. frugiperda (15).

Introduction of the cloned cryl4b gene (strain 5/pTA-
cryIAb) restored the solubility of the inclusions and the toxicity
for S. frugiperda to the parental strain, HD133 (Table 2). In
contrast, inclusions from strains containing either the crylAc
gene or the crylAb gene from subspecies alesti were virtually
completely soluble at pH 9.2. These inclusions (and the solu-
bilized protoxins) were as toxic for S. frugiperda as were those
from the parental strain (Table 2).

B. THURINGIENSIS INCLUSION SOLUBILITY 4059

TABLE 2. Solubility and toxicity of inclusion proteins

Amt (%) solubilized” 50% lethal

Source of inclusion”

pH92 pH96 02NNaOH  conen’
HD133 45 30 25 10+2
5 15 40 45 35+5
5/pTA-crylIAb 43 31 26 102
5pHT3101-cryIAc >90 0 <10 9+3
5/pTA-pAC10 >80 <10 <10 11+3
CryB/pTA-crylAb 57 25 17 >100
CryB/pHT3101-crylAc 80 9 10 >100
CryB/pHT3101-cryIC 15 52 32 9+2

“ Dried, purified inclusions were suspended at a concentration of 1 mg/ml in
deionized water. Following a brief sonication, 0.2 ml was centrifuged in a mi-
crocentrifuge, and the pellets were sequentially extracted as described in Mate-
rials and Methods. One-third was precipitated with 12% trichloroacetic acid, and
the pellets were dissolved in 0.2 ml of 0.2 N NaOH for bicinchoninic acid (Pierce)
protein determinations. One-third was used for SDS-PAGE (Fig. 3 and 4).

b Extraction buffers and conditions are listed in Materials and Methods. These
are average values for three separate experiments, with a range of =2%.

¢ Units are micrograms of dry weight per square centimeter for S. frugiperda
larvae, as described in Materials and Methods. The values are the averages of
three separate experiments = two standard deviations. In order to determine the
protoxin content per microgram of dry weight, inclusions were solubilized in 6 M
urea—50 mM dithiothreitol-1% SDS (pH 9.6) and fractionated by SDS-10%
PAGE. The Coomassie blue-stained bands were quantitated with a Molecular
Dynamics densitometer, with various concentrations of bovine serum albumin
being used to construct a standard curve. The ca. 130-kDa protoxins were 65 to
70% of the inclusion dry weights in all cases.

The measurements of the fractions of the total inclusion
proteins solubilized at each pH were confirmed by SDS-PAGE
(Fig. 3). The solubilization of the CryIC toxin was monitored in
immunoblots and was about the same as that of the total
inclusion proteins (Fig. 4). There were clearly changes in the
solubility of this protoxin which were dependent upon the
presence or absence of other CryIA protoxins.

DISCUSSION

The presence or absence of a particular CrylA protoxin
markedly affected the solubility of all of the inclusion proteins,
presumably because of the extensive disulfide cross-linking
among these related protoxins. The solubility properties dif-
fered even among inclusions containing closely related CryIA
protoxins (Table 2). These differences would certainly affect
the availability of a protoxin within the larval midgut and thus
the overall effectiveness of a particular inclusion. Since the
solubility and toxicity of inclusions from B. thuringiensis subsp.
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FIG. 3. Stained SDS-10% PAGE gel of aliquots of solubilized inclusion
preparations (Table 2). Lanes 1 to 4, pH 9.2 extracts of strains 5, HD133,
5/pTA-crylAb, and 5/pHT3101-crylAc, respectively; lanes 5 to 8, subsequent pH
9.6 extracts of the inclusions (see Materials and Methods) from these same
strains; lanes 9 to 12, 0.2, 0.5, 1.0, and 2.0 pg of bovine serum albumin used for
the quantitation of the bands in lanes 1 to 8. Standards (STD) from top to bottom
are B-galactosidase (113 kDa), bovine serum albumin (68 kDa), and ovalbumin
(45 kDa).
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FIG. 4. Immunoblot with the CryIC antibody of the inclusion extracts listed
in the legend to Fig. 3. Because of the instability of the CrylC protoxin, these
extracts were dialyzed for 12 h at 4°C against 500 volumes of 0.03 M NaHCO;
and then were digested with trypsin (1:25 for 2 h at 37°C). Lane 1, extract of CryB
spores; lanes 2 and 3, pH 9.2 and 9.6 extracts of strain 5 inclusions (similar results
were obtained with inclusions from strain B/pHT-cryIC); lanes 4 and 5, pH 9.2
and 9.6 extracts of strain HD133 inclusions; lane 6: 1 pg of pure CryIC toxin;
lanes 7 and 8, pH 9.2 and 9.6 extracts of strain 5/pTA-cryIAb inclusions; lanes 9
and 10, pH 9.2 and 9.6 extracts of strain 5/pHT3101-cryIAc inclusions. The major
band in each lane (arrow on the right) is ca. 60 kDa.

aizawai HD133, which has the cryIAb gene on a 45-mDa plas-
mid, and those from a strain containing a cloned copy of this
gene (5/pTA-crylAb) were the same, it is unlikely that factors
encoded by the 45-mDa plasmid other than the CryIAb pro-
toxin are involved in inclusion solubility properties.

The crylAb protoxin gene is very prevalent among a variety
of subspecies (8). It has been localized to a 40-to 50-mDa
plasmid which is unstable in at least four subspecies (2). This
class of cryl4Ab genes contains a 78-bp deletion between two
direct repeats (11), and the 26 amino acids lacking from the
CrylAb protoxin results in the instability of the protein (10,
21). As a result of this deletion, 4 of the 17 cysteine residues
present in most Cryl protoxins (located primarily in the carboxyl
halves) are absent. There must be unique interactions of this
protoxin with the others in an inclusion, which could account for
the solubility properties intermediate between inclusions without
the CryIAb protoxin and those containing other CryIA protoxins.

Inclusions from strains 5/pHT3101-<cryIAc and 5/pTA-pAC10
are even more soluble at pH 9.2. These inclusions are as active
on S. frugiperda as are those from the parental strain, but their
greater ease of solubilization may result in a more rapid degra-
dation and/or excretion of the toxins. The intermediate solubility
properties of inclusions containing a CryIAb protoxin (lacking
the 26 residues) could be a factor in extending the effective
range of susceptible insects. Such a dual role for this protoxin
may explain the widespread occurrence of the cryl4b gene (8).

It is surprising that inclusions produced by strain 5 are less
active on two target insects despite the presence of the CryIC
protoxin known to be effective when soluble. Inclusions from
strain 5 are as toxic as the solubilized protoxins for Manduca
sexta and Trichoplusia ni (3), implying that conditions in the
midgut and thus the ease of solubilizing inclusions differ
among various lepidopteran larvae (17). Inclusions composed
of only the CryIC and CryID protoxins may be effective on
other insects in which there are more favorable conditions for
solubilization, or perhaps their effectiveness results from the
slower solubilization of the protoxins.

Because of an unstable protoxin-encoding plasmid (which is
maintained by cell mating [2, 12]), a population of B. thurin-
giensis subsp. aizawai HD133 cells produces at least two types
of inclusions differing in protoxin composition, solubility, and
toxicity. Such heterogeneity may provide flexibility for coping
with a broad range of insects and could thus be an important
adaptive mechanism for the survival of these bacteria.
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