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Structural Relatedness between Mosquitocidal Endotoxins of
Bacillus thuringiensis subsp. israelensis
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A mosquitocidal toxin gene, cloned from Bacillus thuringiensis subsp. israelensis, was introduced into mutant
crystal-negative B. thuringiensis subsp. israelensis cells. Partial toxicity to mosquitos was restored. The
58-kilodalton cloned gene product is a minor protein component of B. thuringiensis subsp. israelensis crystals
and is structurally related to a major, 135-kilodalton crystal toxin.

Insecticidal proteins are synthesized during sporulation of
many subspecies of Bacillus thuringiensis. The insecticidal
proteins accumulate intracellularly as parasporal crystals.
For B. thuringiensis subsp. israelensis, the toxic proteins are
lethal to the larval stages of mosquitos (3) and blackflies (13).
Control of these dipteran species is important mainly be-
cause they are vectors for human diseases such as malaria
and onchocerciasis (6). For B. thuringiensis subsp. israe-
lensis, the toxic crystals are composed of four major protein
species with molecular sizes of about 135, 70, 38, and 28
kilodaltons (kDa) (12). There are some minor species as well.
These sizes reflect consensus values, taking into consider-
ation several subsequent confirmatory published reports.
Pfannenstiel et al. (9) tested the immunological relatedness
between certain of these crystal proteins by reactivity with
monospecific polyclonal antiserum. Although the 135-, 70-,
and 28-kDa proteins are immunologically distinct, the 38-
kDa species is derived from the 70-kDa protein by proteol-
ysis (9). Thus, there appears to be three separate gene
products constituting most of the crystal mass.

In our earlier reports (11, 14) we described the cloning of
a gene from B. thuringiensis subsp. israelensis that coded for
a protein in Escherichia coli or Bacillus subtilis of about
58-kDa that was mosquitocidal to larvae of Aedes aegypti.
We expressed the gene in vitro and could detect products up
to about 72 kDa, matching the size of the open reading frame
present in the DNA sequence. We proposed that the primary
gene product was proteolytically processed in vivo. At the
time, we did not rule out the possibility that the cloned
58-kDa-coding gene coded for the 70-kDa major crystal
protein. In addition, we noted the surprising sequence sim-
ilarity between the 58-kDa toxin gene and a 130-kDa toxin
gene with lepidopteran specificity that we had cloned from
B. thuringiensis subsp. kurstaki (11). In the present report,
we show that the product of the 58-kDa cloned gene is also
accumulated in B. thuringiensis subsp. israelensis as a
58-kDa species, that this toxin is a minor component of the
crystals, and that it is structurally related to the large
135-kDa crystal protein.
To introduce the cloned 58-kDa gene back into B. thu-

ringiensis subsp. israelensis, we developed a plasmid trans-
formation protocol on the basis of the method of Chang and
Cohen (2). First, a spontaneous crystal-negative derivative
of our wild-type B. thuringiensis subsp. israelensis strain
(ONR60A, from J. Hoch) was obtained after the chance
observation that the isolate had lost its large plasmid. We
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found that this crystal-negative mutant had lost the large
plasmid associated with the production of parasporal crys-
tals toxic to diptera (14). This was the same plasmid from
which we cloned the 58-kDa toxin gene into E. coli and B.
subtilis (14). Protoplasts were prepared of the crystal-nega-
tive mutant and its wild-type parent by the method of Chang
and Cohen (2) with two modifications. Cells were treated
with a solution containing lysozyme (10 mg/ml), sucrose
(25% [wt/vol]), 50 mM Tris hydrochloride (pH 7.5), and 20
mM EDTA, until about 98% was converted to protoplasts
(usually 2 to 4 h), after which 5 ,ug of pSY408 was added.
After transformation, the cells were regenerated by shaking
for 24 h in DM3 medium at 30°C, washed and then suspended
in Luria broth with kanamycin (between 10 and 50 ,ug/ml) for
24 h, followed by selection for growth on plates containing
the same medium with kanamycin (25 ,ug/ml). The amounts
of antibiotic must be adjusted for the background resistance
of the recipient strain. Plasmid pSY408 carries the structural
gene and flanking DNA sequences for the 58-kDa polypep-
tide (a total of about 4,500 base pairs) inserted in vector
pUB110 at the EcoRI restriction site (11). The vector
pUB110 arose in Staphylococcus aureus but replicates also
in B. subtilis and B. thuringiensis. The plasmid carries a gene
conferring resistance to kanamycin, and the entire sequence
has been determined (7, 8). Two transformants of each
recipient were chosen for further study. They were resistant
to kanamycin and were shown to carry an intact pSY408
plasmid. Cell cultures were grown to late stationary phase or
about 8 h after the end of log-phase growth, and then
equivalent samples (cell number) were placed in microtiter
wells with six or more second- and third-instar mosquito
larvae (A. aegypti). Wild-type B. thuringiensis subsp. israe-
lensis (with or without the plasmid pSY408) killed all the
feeding larvae within 6 h, whereas the crystal-negative
derivative carrying pSY408 killed all the larvae in 18 h.
One-half maximal killing was observed for wild type at 90
min and for cry- plus pSY408 at 12 h. The crystal-negative
strain alone has no lethal effect over 30 h of monitoring, the
end of the assay.

In preparation for electrophoresis, samples of equivalent
numbers of stationary-phase bacterial cells were collected
by centrifugation and suspended in a mixture of 62.5 mM
Tris hydrochloride (pH 6.8), 1% (wt/vol) sodium dodecyl
sulfate, 0.1% (vol/vol) mercaptoethanol, 10% (vol/vol) glyc-
erol, and bromophenol blue. They were heated in a boiling
water bath for 4 min immediately before electorphoresis.
Samples of protein from each transformant were separated
by electrophoresis through denaturing sodium dodecyl sul-
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FIG. 1. Electorphoretic separation of proteins from crystals and
cells of B. thuringiensis subsp. israelensis carrying the cloned
58-kDa toxin gene. Proteins were transferred to a nitrocellulose filter
and reacted with polyclonal rabbit antiserum raised against whole
crystals (A) or antibodies eluted after binding to a single 58-kDa
protein band (B). The samples for both panels were from B.
thuringiensis subsp. israelensis, with the noted exception: whole-
crystal proteins (lane 1); partially pure 58-kDa cloned product from
B. subtilis (lane 2); wild-type total cell protein (lane 3); proteins from
two isolates of wild type transformed with pSY408 (lanes 4 and 5);
crystal-negative total cell protein (lane 6); and proteins from two

isolates of crystal-negative cells transformed with pSY408 (lanes 7
and 8). The sizes and positions of B. thuringiensis subsp. israelensis
crystal proteins (A) and molecular weight standards (B) are indi-
cated at the left. kd, Kilodaltons.

fate polyacrylamide gels (4), by using a gradient of 8 to 15%
(wt/vol) acrylamide. The separated proteins were then trans-

ferred to nitrocellulose and treated with polyclonal antise-
rum raised in rabbits against whole-crystal preparations from
B. thuringiensis subsp. israelensis (11, 14). The bound
antibodies were visualized by reaction with [125I]protein A
and autoradiography. Figure 1, panel A, is a photograph of
the X-ray film exposed to the immunoblot. A sample of
semipurified crystal proteins and 58-kDa cloned product are

included in lanes 1 and 2, respectively. A comparison of the
seroreactive proteins of lanes 3 to 8 showed that crystal-
negative and wild-type B. thuringiensis subsp. israelensis
cells transformed with plasmid pSY408 accumulated the
58-kDa cloned gene product. More of the toxin was observed
in stationary phase than during log-phase growth (not

shown). During the transformation process one of the wild-

type recipients (lane 5) lost its large plasmid and failed to

accumulate the crystal proteins of 135, 70, and 28 kDa.
Therefore, the main product of our cloned toxin gene is 58

kDa, even when expressed in its natural host, and so it is

unlikely that this gene is the same as that which codes for the

70-kDa crystal protein. We believe that the primary transla-

tion product of the 58-kDa gene is probably 72 kDa, on the
basis of the size of the sequenced open reading frame and the
products observed after in vitro translation (11). We think
that this is rapidly processed by proteolysis to the accumu-
lated 58-kDa size.

Using unfractionated polyclonal rabbit antiserum, we
were not able to detect the 58-kDa product in preparations of
crystal proteins that were immunoblotted from denaturing
polyacrylamide gels. To circumvent this problem, we eluted
(5) antibodies from the single 58-kDa gel band on immuno-
blots of proteins expressed in B. subtilis (9). As before,
protein samples were separated by electorphoresis and im-
munoblotted with the antigen-selected antibody preparation.
Panel B of Fig. 1 shows the results. The antigen-selected
antibodies reacted with a species in the crystal protein
preparation of 58 kDa (lane 1), matching the major reactive
band in the partially purified cloned product (lane 2). How-
ever, in the whole-cell extract from wild-type B. thuringien-
sis subsp. israelensis (lane 3) we still could not detect the
58-kDa gene product. We were surprised to find that the
antigen-selected antibodies reacted not only with the low-
abundance 58-kDa protein in the crystal preparations, but
also with the high-abundance 135-kDa species. No reaction
was seen to the other major crystal proteins at 70 or 28 kDa.
This suggests a structural relatedness between the 135- and
58-kDa proteins. A cross-reacting band at about 64 kDa was
present in all the extracts from either B. subtilis or B. thu-
ringiensis subsp. israelensis, whether or not pSY408 was
present (gel not shown).
We compared the sequence of the cloned 28-kDa gene (15,

16) with our 58-kDa gene (11) and found no similarities. We
earlier reported that in contrast to the 28-kDa protein, the
58-kDa protein showed no hemolytic activity (11). However,
we did find a sequence relatedness to the 130-kDa lepidop-
teran toxin fr6m B. thuringiensis subsp. kurstaki. Those
results, coupled with our present findings, point out the
possible similarities between the larger of the crystal pro-
teins from these two subspecies. Whether the relatedness
reflects common structure, as for example in protein align-
ment during formation of the crystal, or common function,
as in physiological mode of toxin action, is not yet known.
The gene for the 135-kDa toxin has also been cloned and

expressed (10). It is interesting that a more recent isolation
of that same gene (1) shows that it is separated physically
from our 58-kDa toxin gene by as few as 2,000 base pairs on
the 72-MDa plasmid in B. thuringiensis subsp. israelensis.
Perhaps the larger gene is a progenitor in an evolutionary
sense to the smaller and preserves some structural features
that are recognizable with antibodies. A direct comparison
will be possible when the DNA of the large gene is se-
quenced. The reason why B. thuringiensis subspp. israe-
lensis and kurstaki each maintain multiple toxin genes re-
mains open to speculation. However, by applying the gene
transformation methods described in this paper, it will be
possible to study the contributions to toxicity from the
distinct gene products that constitute the mosquitocidal
crystals of B. thuringiensis subsp. israelensis.

We thank Marcia O'Neill and Jude Gunter for help in preparing
the manuscript and colleagues at Syntro Corporation for construc-
tive advice.

LITERATURE CITED

1. Bourgouin, C., H. Klier, and G. Rapoport. 1986. Characteriza-
tion of the genes encoding the haemolytic toxin and the mos-
quitocidal delta-endotoxin of Bacillus thuringiensis israelensis.

278 NOTES



VOL. 54, 1988

Mol. Gen. Genet. 205:390-397.
2. Chang, S., and S. N. Cohen. 1979. High frequency transforma-

tion of Bacillus subtilis protoplasts. Mol. Gen. Genet. 168:111-
115.

3. Goldberg, L. J., and J. Margalit. 1977. A bacterial spore
demonstrating rapid larvicidal activity against Anopheles ser-
gentii, Uranatenia unguiculata, Culex univattus, Aedes aegypti
and Culex pipiens. Mosq. News 37:355-358.

4. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

5. Lyon, J. A., R. H. Geller, J. D. Haynes, J. D. Chulay, and J. L.
Weber. 1986. Epitope map and processing scheme for the
195,000-dalton surface glycoprotein of Plasmodium falcipurum
merozoites deduced from cloned overlapping segments of the
gene. Proc. Natl. Acad. Sci. USA 83:2989-2993.

6. Margalit, J., and D. Dean. 1985. The story of Bacillus thu-
ringiensis var. israelensis (B.t.i.). J. Am. Mosq. Control Assoc.
1:1-7.

7. McKenzie, T., T. Hoshino, T. Tanaka, and N. Sueoka. 1986. The
nucleotide sequence of pUB110: some salient features in rela-
tion to replication and its regulation. Plasmid 15:93-103.

8. McKenzie, T., T. Hoshino, T. Tanaka, and N. Sueoka. 1987. A
revision of the nucleotide sequence and functional map of
pUB110. Plasmid 17:83-85.

9. Pfannenstiel, M. A., G. A. Couche, E. J. Ross, and K. W.
Nickerson. 1986. Immunological relationships among proteins
making up the Bacillus thuringiensis subsp. israelensis crystal-
line toxin. Appl. Environ. Microbiol. 52:644-649.

10. Sekar, V., and B. C. Carlton. 1985. Molecular cloning of the
delta-endotoxin gene of Bacillus thuringiensis var. israelensis.
Gene 33:151-158.

11. Thorne, L., F. Garduno, T. Thompson, D. Decker, M. Zounes,
M. Wild, A. M. Walfield, and T. J. Pollock. 1986. Structural
similarity between the lepidoptera- and diptera-specific insecti-
cidal endotoxin genes of Bacillus thuringiensis subsp. "kur-
staki" and "israelensis." J. Bacteriol. 166:801-811.

12. Tyrell, D. J., L. A. Bulla, Jr., R. E. Andrews, Jr., K. J. Kramer,
L. I. Davidson, and P. Nordin. 1981. Comparative biochemistry
of entomocidal parasporal crystals of selected Bacillus thu-
ringiensis strains. J. Bacteriol. 145:1052-1062.

13. Undeen, A. H., and W. L. Nagel. 1978. The effect of Bacillus
thuringiensis ONR60A strain (Goldberg) on Simulium larvae in
the laboratory. Mosq. News 38:524-527.

14. Walfield, A. M., F. Garduno, L. Thorne, M. Zounes, D. J.
Decker, M. A. Wild, and T. J. Pollock. 1986. Cloning of a gene
that codes for a mosquitocidal toxin from Bacillus thuringiensis
var. israelensis, p. 321-333. In A. T. Ganesan and J. A. Hoch
(ed.), Bacillus molecular genetics and biotechnology applica-
tions. Academic Press, Inc., Orlando, Fla.

15. Ward, E. S., and D. J. Ellar. 1986. Bacillus thuringiensis var.
israelensis delta-endotoxin: nucleotide sequence and character-
ization of the transcripts in Bacillus thuringiensis and Esche-
richia coli. J. Mol. Biol. 191:1-11.

16. Ward, E. S., D. J. Ellar, and J. A. Todd. 1984. Cloning and
expression in Escherichia coli of the insecticidal delta-endo-
toxin gene of Bacillus thuringiensis var. israelensis. FEBS Lett.
75:377-382.

NOTES 279


