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Larvicidal Properties of the 42 and 51 Kilodalton Bacillus
sphaericus Proteins Expressed in Different Bacterial Hosts:

Evidence for a Binary Toxin
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Abstract. The 51 kilodalton (kDa) and the 42 kDa larvicidal proteins of Bacillus sphaericus 2362
appear to reside on a single transcriptional unit. Constructs containing the genes for both of
these proteins or for only the 51 kDa or the 42 kDa protein were inserted into the appropriate
expression vectors and the proteins over-produced in Escherichia coli IM10S, and Bacillus
sphaericus strain 718 and SS1I-1. In all of these organisms the 51 kDa and 42 kDa proteins were
not toxic alone but were toxic in combination. These results are interpreted to indicate that the
Bacillus sphaericus 2362 larvicide is a binary toxin in that both the 51 and the 42 kDa proteins

are required for toxicity.

Many strains of Bacillus sphaericus produce, in the
course of sporulation, a parasporal crystal which
contains proteins of 51 kilodaltons (kDa) and 42 kDa
which are toxic for a variety of mosquito larvae [6,
11, 23]. The genes coding for these proteins have
been cloned, and it appears that they reside in a
single transcription unit [3, 5, 14). Both the 51 kDa
and the 42 kDa proteins, alone and in combination,
were expressed in low levels in Escherichia coli,
presumably using DNA regions with low promoter
activity that were functional in this organism [7, 13].
Recently we have used a Bacillus subtilis expression
vector (pUE) containing the aprE (subtilisin) pro-
moter to over-produce the 51 kDa and 42 kDa pro-
teins alone and in combination [9]. Our results indi-
cated that, as in the case of previous studies with E.
coli [5, 7, 13], in which the proteins were produced
in low amounts, the 51 and 42 kDa proteins are
alone not toxic for mosquito larvae but are toxic as a
mixture. In the present study we have extended
these observations by over-producing these proteins
in E. coli and in two strains of B. sphaericus. Our
results are interpreted to indicate that the B. sphaeri-
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cus larvicide is a binary toxin in that both proteins
are required for toxicity.

Materials and Methods

Bacterial strains and plasmids. The origins of Bacillus sphaericus
SSII-1, B. sphaericus NSR 718, and Escherichia coli IM105 have
been previously indicated {5-7}; B. sphaericus SSII-1 has a low
toxicity for larvae of Culex pipiens and lacks the genes for the 51
and 42 kDa proteins [7, 23]. It has a high DNA homology (83%)
to the highly toxic strains of B. sphaericus that have the genes
for the 51 and 42 kDa proteins {16]. Strain 718 is a2 member of a
distinct DNA homology group that is related (629% DNA homol-
ogy) to the larvicidal strains of B. sphaericus {16]. Recently these
groupings have been confirmed by a phenotypic characterization
[1]. The construction and insertion of recombinants into the B.
subtilis expression vector pUE (a derivative of pUBI8) have
been described [9]. pUE contains the aprE (subtilisin) promoter
followed by a ribosome binding site and an Eco RI site [9]. By
use of site-directed mutagenesis, an Eco Rl site was placed 3 base
pairs (bp) in front of the initiating methionine of the 51 or the 42
kDa proteins and the Eco RI-Hind III fragments inserted into
pUE and used to transform B. subtilis [9]. The plasmids were
purified from this organism and transformed by means of proto-
plast transformation [9] into B. sphaericus strains 718 and SSII-
1. The Eco RI-Hind I fragments were also inserted into the E.
coli expression vector pkk223-3 which is under the regulation
of the tac promoter [2]. Plasmid C7a, which has a putative B.
sphaericus promoter, has been described {4]. A diagram of these
inserts is presented in Fig. 1.
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Fig. 1. Diagram of the constructs containing the genes coding for
the 51 and/or 42 kDa proteins. Thick line indicates the regions
coding for the toxin proteins. E = EcoRl, H = Hind III, K =
Kpn 1.

General Methods. Standard molecular biological methods were
used [17], and their application to our work has been detailed in
past publications [5, 9]. Sodium dodecyl sulfate polyacrylamide
(12%) gel electrophoresis (SDS-PAGE) and Western immu-
noblots were performed as described [9]. The antiserum used in
the Western immunoblots was a mixture of antisera to the 42 and
the 5t kDa B. sphaericus 2362 proteins.

Preparation of cells. Escherichia coli IM10S containing the vector
pkk223-3 with and without inserts was grown at 37°C in Luria
broth [2, 17]. For the expression of the proteins isopropyl 3-D-
thiogalactoside (IPTG) was added during the exponential phase
of growth and the incubation continued for an additional 30 min,
at which time the cells were harvested by centrifugation. In the
case of B. sphaericus, containing pUBI8 or pUE with inserts,
the cells were grown at 32°C in a complex medium suitable for
sporulation, for 32-36 h, at which time they were harvested [9].

Bioassays. The concentration (in dry weight cells per ml) neces-
sary to kill 50% of the larvae of C. pipiens (L.Csy) was determined
as previously described [9]. Dilutions were made of the toxin
containing preparations such that the relative amounts of 1, 0.75,
0.5, and 0.25 were maintained at each 10-fold dilution. In total,
30 larvae were used for each dilution. After preliminary experi-
ments, the effect on the LCs; of the ratio cells of strain 718
containing the 51 kDa protein (pUE381) and cells containing 42
kDa protein (pUE1-3a) was determined. The following ratios were
used (dry weight 42 kDa containing cells/dry weight 51 kDa con-
taining cells): 1/0.15, 1/0.5,1/1.7,1/5,1/15, 1/50. The LC sy values
are expressed as dry weight of the mixture of the cells with the
42 and 51 kDa proteins.

Results

Synthesis of the 42 and 51 kDa proteins in Esche-
richia coli. The LC, values of IPTG-induced E. coli
cells containing pkk223-3 with the inserts diagramed
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in Fig. 1, are presented in Table 1. Only E. coli
pkk382, which contained the genes for both proteins,
was toxic to larvae of C. pipiens. The LCy; of 280
ng dry weight cells/ml was 20-fold more than that of
a 36-h culture of B. sphaericus 2362 (14 ng dry
weight/mi). E. coli pkk1-3a, which contains the gene
for the 42 kDa protein, was toxic only in the presence
of cells containing the 51 kDa protein (E. coli
pkk381). Similarly, E. coli pkk381, which contains
the gene for the 51 kDa protein, was not toxic unless
assayed in the presence of E. coli pkki-3a, which
contains the 42 kDa protein. The LCsy of E. coli
pkk381 was about six times that of E. coli pkkl-3a
(Table 1).

The results of the Western immunoblots were in
general agreement with the results of the bioassays
(Fig. 2, lanes a—e). The principal bands of the recom-
binant-made proteins (lanes b—d) migrated the same
distance as the proteins from the crystal of B.
sphaericus 2362 (lane a). E. coli pkk382 (lane b)
produced considerably more of the 51 kDa protein
(and a slightly lower molecular weight degradation
product) than of the 42 kDa protein (the latter is
indicated by an arrow). The relatively high LC;, of
280 ng dry weight/ml was due to the low amount of
the 42 kDa protein found in extracts of E. coli
pkk382. This was indicated by the fact that addition
of cells containing the 42 kDa protein but not of cells
containing the 51 kDa protein led to a decrease in
the LCy,. The highest amount of protein was pro-
duced by E. coli pkk1-3a (lane c¢) with the principal
bands at 42 kDa and a degradation product at 27
kDa. E. coli pkk381 (lane d) produced primarily the
51 kDa protein and a slightly lesser molecular weight
degradation product.

Synthesis of the 42 and 51 kDa proteins in B. sphaeri-
cus 718 and SSII-1. In these strains of B. sphaericus
the genes in the inserts (Fig. 1) are under the control
of the aprE (subtilisin) promoter of B. subtilis, which
is expressed maximally during the early stages of
sporulation [18]. As in the case of E. coli, only cells
of B. sphaericus containing recombinants with genes
for the 42 and 51 kDa proteins (pUE382) were toxic
to larvae of C. pipiens (Table 1). Cells containing
only the 42 kDa (pUE1-3a) or the 51 kDa (pUE381)
protein were nontoxic. When these cells were com-
bined, toxicity was observed. The LC,, was in all
cases lower with B. sphaericus 718 than with B.
sphaericus SS11-1. As in the case of E. coli, the LCs,
values with pUE1-3a (42 kDa protein) were lower
than those with pUE381 (51 kDa protein) (Table 1).

Western immunoblots of cell extracts from
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Table 1. LCq, values of different strains containing plasmids with the toxin genes of Bacillus sphaericus 2362¢

Molecular
weight
of required
protein Host strain and plasmid
(kDa)
Toxin protein —————— E. coli IM105 B. sphaericus 718 B. sphaericus SSII-1
Construct made (kDa) 51 42 pkk pUE pUE
Plasmid None >5 x 10° >5 x 10 1.4 x 10*
382 51+ 42 - + 280 12¢ 48
[-3a 42 + - 22¢ 10 19¢
381 51 - + 1204 4854 704
C7a* 51+ 42 - - NT/ 13 110

¢ LCy values expressed as ng dry weight bacterial cells/ml.

® Values from reference {9].

B. sphaericus SSII-1 were not toxic at 2 ug/ml (highest concentrations tested).

¢ Assayed in the presence of 0.5 ug dry weight/ml of the same bacterial species containing the 51 kDa protein. Cells of E. coli IM105
or B. sphaericus 718 with only the 42 kDa protein were not toxic at 420 ug dry weight cells/ml whereas cells of B. sphaericus SSII-
1 were not toxic at 2 ug/ml (highest concentrations tested).

4 Assayed in the presence of 0.5 ug dry weight/ml of the same bacterial species containing the 42 kDa protein. Cells of E. coli IM
105 or B. sphaericus 718 with only the 51 kDa protein were not toxic at 420 ug dry weight cells/ml, whereas cells of B. sphaericus
SSII-1 were not toxic at 2 ug/ml (highest concentrations tested).

¢ Under the regulation of a putative B. sphaericus promoter {4].
INT = not tested.
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were detected by antisera to the
42 and 51 kDa crystal proteins.
For a diagram of the plasmids
see Fig. 1. Crystal = purified crys-
tal from B. sphaericus 2362.
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band corresponding to the 42
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strains of B. sphaericus 718 and B. sphaericus SS11-
I containing the recombinant plasmids are presented
in Fig. 2 (lanes f-p). In strain 718 considerable degra-
dation of the recombinant-made protein was ob-
served (lanes g—i). The principal degradation prod-
uct of the 42 kDa protein had a molecular weight of
about 24 kDa (lanes g, h). The results with SSII-1

were less satisfactory in that there was considerable
background staining and all of the extracts, including
extracts of cells with the vector alone, contained
material below 26 kDa which reacted with antibody
(lanes m—-p). Bands migrating with the 51 and 42 kDa
crystal proteins were, however, readily detected,
and it would appear that there may be somewhat
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less degradation of these proteins in this strain. In
both strains 718 and SSl1I-1, the LC,, determinations
and the Western immunoblots indicated that less of
the 51 kDa protein was produced than of the 42 kDa
protein.

Expression of the 42 and 51 kDa proteins from a
putative B. sphaericus promoter. Previously [4], we
have inserted the Kpn I-Hind I1I fragment contain-
ing the genes for the 51 and 42 kDa proteins (Fig. 1)
into pUBI18, giving the plasmid C7a, and studied the
kinetics of synthesis of these proteins in B. subtilis.
In the present study, using protoplast transforma-
tion, we have placed this plasmid into B. sphaericus
718 and SSII-1. The LC,, values of these two prepa-
rations for larvae of C. pipiens are presented in Table
I. There was an eight-fold difference in the LCy
values; the lower value was observed with strain
718. Microscopic examination of the cultures at the
time of harvesting indicated that 55% of the cells of
B. sphaericus 718 had sporulated, while less than
0.1% of the cells of B. sphaericus SSI1-1 had spores.
Since the synthesis of the crystal proteins by B.
sphaericus 2362 occurs midway in the sporulation
cycle [8], it is possible that the higher LCs, value
obtained with SSII-1 was owing to the poor sporula-
tion of this strain.

Examination of cell extracts in Western immu-
noblots indicated that approximately equal amounts
of the 42 and 51 kDa proteins were made by strain
718 (Fig. 2, lane j) and SSII-1 (results not shown).
This is in contrast to B. subtilis [4], in which more
of the 42 kDa protein was made.

Ratio of cells containing the 42 and the 51 kDa pro-
tein needed for maximal activity. Figure 3 presents
the results of an experiment in which the effect on
the LCs, of variation of the ratio of the cells contain-
ing the 42 and 51 kDa proteins was determined.
Maximal toxicity (1.Cs, of 75-82 ng dry weight cells/
ml) was observed between a ratio of 1 (42 kDa-
containing cells) to 1.5-5 (51 kDa-containing cells).
The results of the Western immunoblots showed that
approximately equal intensities of the 51 and 42kDa
proteins were obtained when the ratio of the cells in
the sample was about 4 to 1 (results not shown).
These results indicate that stoichiometric amounts
of both proteins are required for activity and that
the optimal ratio of the 42:51 kDa protein may be
closeto 1:1.
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Fig. 3. Effect on the LCj, of different ratios of the 42 and 51 kDa
protein-containing cells of B. sphaericus 718. 1.Cs, expressed as
ng/dry weight of the mixture of cells containing the 42 kDa and
51 kDa proteins.

Discussion

The results of this and our previous study {9] indicate
that, irrespective of the bacterial host (Escherichia
coli, Bacillus subtilis, or B. sphaericus), the 51 and
the 42 kDa proteins over-produced from the genes
of B. sphaericus 2362 are not toxic alone but are
toxic in combination. This finding indicates that the
B. sphaericus larvicide is a binary toxin, since both
proteins are required for toxicity. This conclusion is
at odds with the previous findings that the 42 kDa
protein purified from the crystal of B. sphaericus
2362 is toxic [6, 12, 19]. One possible interpretation
of the latter observation is that the host may contrib-
ute some factor that would result in the toxicity of
the 42 kDa protein. This seems unlikely since the 42
kDa protein which is synthesized in B. sphaericus
SSII-1 is also not toxic and this strain has a high
DNA homology to the larvicidal strains of this spe-
cies [16]. A more likely explanation for this discrep-
ancy is that the 42 kDa preparation obtained from
the crystal of B. sphaericus 2362 was contaminated
with small amounts of 51 kDa protein.

A number of observations are consistent with
this interpretation. Subsequent to our initial purifi-
cation of the 42 protein from the crystal of B. sphaer-
icus 2362 [6], we obtained preparations that had a
major reduction in toxicity; toxicity was enhanced
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by addition of the 51 kDa protein. Using as starting
material the amorphous inclusions from B. subtilis
pUE382 containing both the 51 and 42 kDa proteins,
we purified the 42 kDa protein and showed that it
was not toxic for larvae (maximum concentration
tested, 10 ug/ml). Toxicity was found upon addition
of the 51 kDa protein from B. subtilis pUE381. Treat-
ment of the 51 kDa protein with larval gut proteases
led to formation of derivatives that migrated close
to the 42 kDa proteins. Deletions at the N- and C-
terminal regions of the 51 kDa protein by site-di-
rected mutagenesis indicated that 51 kDa protein
derivatives of about 41-43 kDa are toxic in the pres-
ence of the 42 kDa protein [M.A. Clark, personal
communication]. These observations indicate that
the 42 kDa protein is nontoxic and that the pre-
viously observed toxicity was probably owing to
contamination with similar molecular weight deriva-
tives of the 51 kDa protein.

Recently it has been claimed that the 42 kDa
protein produced alone in B. subtilis is toxic for
mosquito larvae [13]. Our observations indicating
that this is not the case in three different host of
Bacillus, of which one is highly related by DNA
homology to the larvicidal strains of B. sphaericus,
make this claim questionable. Furthermore, no di-
rect evidence was provided indicating that the tested
preparation lacked the 51 kDa protein or that the
appropriate DNA fragment was inserted into the
vector.

Examination of the effect of the ratio of cells
containing the 42 and the 51 kDa protein on the LCq,
for C. pipiens has indicated that for maximal toxicity
between 1.7 and 5-fold more of the 51 kDa protein-
containing cells is required than of the 42 kDa pro-
tein-containing cells (Fig. 3). This is consistent with
the results of the bioassays presented in Table 1,
which showed that for the L.Cy, four times more of
the 51 kDa protein-containing cells was required
than of the 42 kDa protein-containing cells. Quanti-
tation of the amounts of the toxin proteins in cell-
free extracts by means of western immunoblots indi-
cated that the optimal ratio of the 42 : 51 kDa protein
may be close to 1:1.

Recently we have determined the amount of 42
and 51 kDa proteins required for maximal toxicity,
using particulate and solubilized amorphous inclu-
sions purified from B. subtilis [10]. The concentra-
tion of the proteins was quantitated by densitometry.
The results also indicated that approximately equi-
molar amounts were required for maximal toxicity.

These results and previous studies {5, 9, 13]
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indicate that, unlike the B. thuringiensis lepidop-
tera-, diptera-, or coleoptera-active toxins, which
contain a single active toxin molecule [15], the B.
sphaericus larvicide is a binary toxin. In this respect
it resembles such well-studied binary toxins as the
anthrax toxin [22], the C, botulinum toxin [20], and
the Clostridium perfringens iota toxin [21]. In the
case of B. sphaericus toxin, the role of the individual
subunits is unclear since the mode of action is un-
known. It is, however, possible that both subunits
may act in concert, since there are regions of the 51
and the 42 kDa proteins that are conserved and may
have a similar function.
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