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Abstract

Strains of Bacillus sphaericus exhibit varying levels of virulence against mosquito larvae. The
most potent strain, B. sphaericus 2362, which is the active ingredient in the commercial product
VectoLex®, together with another well-known larvicide Bacillus thuringiensis subsp. israelensis,
are used to control vector and nuisance mosquito larvae in many regions of the world. Although
not all strains of B. sphaericus are mosquitocidal, lethal strains produce one or two combinations
of three different types of toxins. These are (1) the binary toxin (Bin) composed of two proteins of
42 kDa (BinA) and 51 kDa (BinB), which are synthesized during sporulation and co-crystallize,
(2) the soluble mosquitocidal toxins (Mtx1, Mtx2 and Mtx3) produced during vegetative growth,
and (3) the two-component crystal toxin (Cry48Aal/Cry49Aal). Non-mosquitocidal toxins are
also produced by certain strains of B. sphaericus, for examples sphaericolysin, a novel insecticidal
protein toxic to cockroaches. Larvicides based on B. sphaericus-based have the advantage of
longer persistence in treated habitats compared to B. thuringiensis subsp. israelensis. However,
resistance is a much greater threat, and has already emerged at significant levels in field
populations in China and Thailand treated with B. sphaericus. This likely occurred because
toxicity depends principally on Bin rather than various combinations of crystal (Cry) and cytolytic
(Cyt) toxins present in B. thuringiensis subsp. fsraelensis. Here we review both the general
characteristics of B. sphaericus, particularly as they relate to larvicidal isolates, and strategies or
considerations for engineering more potent strains of this bacterium that contain built-in
mechanisms that delay or overcome resistance to Bin in natural mosquito populations.
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Introduction

Bacillus sphaericus is a mesophilic, aerobic Gram-positive bacterium that occurs worldwide
in soil and aquatic habitats. It produces a characteristic spherical spore located at one end of
the swollen sporangium (Fig. 1), a phenotype that makes it readily distinguishable from
other Bacillus species, including the best characterized bacterial entomopathogen, Bacillus
thuringiensis, which produces an ovoidal spore (Federici et al., 2007; Park and Federici,
2009). During the past 25 years, much interest has been focused on isolating strains of B.
sphaericus primarily because of their potential for use as mosquito larvicides. Many of these
isolates have been partially characterized, and antigenic studies indicate that they can be
grouped in 49 serotypes based on epitope differences in flagellar (H) antigens. Five major
groups (I-V) are known based on DNA homologies (Krych et al., 1980). Larvicidal strains of
B. sphaericus comprise DNA subgroup 1A and nine serotypes (H1, H2, H3, H5, H6, H9,
H25, H26, and H48). As a group, little is known about their genomics, and presently the
genome of only one mosquitocidal strain (C3-41; H5a5b, Hue et al., 2008a) has been
sequenced.

Unlike strains of B. thuringiensis, for which virulence against insects has long been
established, B. sphaericus was not considered insecticidal until a strain active against
mosquitoes was isolated from dead larvae of Culiseta incidens (Kellen et al., 1965). The
larvicidal activity of this isolate, however, was comparatively low and its use in mosquito
control was not considered feasible. Later, identification of the SSII-1 strain in India
renewed interest in the search for more active strains of B. sphaericus (Singer, 1973).
However, it was not until the discovery of more potent strains lethal to larvae of Culex
species, strains such as 1593 and 2297 (Wickremesinghe and Mendis, 1980) and 2362
(Weiser, 1984) isolated in, respectively, Indonesia, Sri Lanka and Nigeria, that the potential
of B. sphaericus as a cost-effective bacterial larvicide was taken seriously (Singer, 1974). In
fact, strain 2362 is the most widely used commercial larvicide based on B. sphaericus, the
active ingredient in VectoLex® (Valent BioSciences, Libertyville, IL). Independently, strain
C3-41 that has comparable toxicity to strain 2362 has also been commercialized (Xingtai
Biotechnology Co., Ltd., Wuhan, China) and used more widely in China and Southeast Asia.

Since the development and commercial implementation of B. sphaericus 2362, efforts to
isolate more virulent strains of this bacterium have been unproductive (Brownbridge and
Margalit, 1987; Guerineau et al., 1991; Orduz-Peralta et al., 1992; Khyami-Horani et al.,
1999; Cavados et al., 2001). Recent studies however, suggest that more potent strains of B.
sphaericus could exist in nature. For example, one such isolate, WBM 1-1-13, closely related
to 2362, was cultured from a salt marsh habitat in Indian River County, Florida.
Comparative analysis of 2362 and WBM 1-1-13 showed that latter produced more binary
toxin (Bin, see below) per unit medium and was more toxic to Culex quinquefasciatus larvae
(Park et al., 2007h).
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Mosquitocidal proteins of Bacillus sphaericus

Bin toxins

The primary mosquitocidal activity of B. sphaericus is due to the binary toxin (Bin). Bin is
composed of two proteins of molecular masses 42 kDa (BinA) and 51 kDa (BinB) that co-
crystallize to form a single parasporal inclusion that is encapsulated with the spore during
late stage of bacterial growth (Charles et al., 1996; Federici et al., 2007; Park and Federici,
2009). BinB, the binding domain, functions as a specificity determinant, whereas BinA, the
toxic domain, binds to BinB to amplify its toxicity. Generally, Bin is highly toxic to all
known Culex species, and many important anopheline species, such as the key malaria
vector in Africa, Anopheles gambiae. In addition, many Aedes species are sensitive to Bin,
but not important species such as Aedes aegypti. To be sensitive to the Bin toxin, the a-
glucosidase receptor much be present on midgut microvilli (see Receptors below). Although
BinA alone is active against target mosquito species, the presence of both proteins is
required for optimal larvicidal activity (Limpanawat et al., 2009). Regarding their primary
structures, the Bin toxins are highly conserved among strains of different serotypes and
phage groups. However, based on differences in their amino acid sequence and relative
virulence, Bin toxins are classified in four different groups. The type strains for Types 1, 2, 3
and 4 are IAB59, 2362, 2297 and LP-1G, respectively (Table 1) (Priest et al., 1997;
Humphreys and Berry, 1998).

The binA and binB coding sequences are contained in an operon in which expression
presumably allows for synthesis of near equimolar amounts of BinA and BinB. Unlike B.
thuringiensis in which the insecticidal crystal (c¢ry) and cytolytic (cyt) entomotoxin genes are
located on large plasmids, it is known that the b/n operon is located on chromosomal DNA
(Poncet et al., 1997; Servant et al., 1999). However, analyses of the complete genome
sequence of B. sphaericus strain C3-41 (Hu et al., 2008a), a strain closely related to 1593
and 2362, revealed that the binoperon is located in an ~35-kb duplicate fragment present
both in the chromosome and in a large plasmid (pBsph) (Fig. 2). Based on this finding, it has
been suggested that the 6/n operon and even the ~35-kb fragment could be the remnant of a
transduction event mediated by a bacteriophage (Hu et al., 2008a), a plausible explanation
for the absence of binin several B. sphaericus (bin™) strains that conceivable escaped
invasion by such a transducing phage.

Among mosquitocidal strains of B. sphaericus, strains 2297 and 2362 are the most widely
studied (Poncet et al., 1997; Servant et al., 1999; Federici et al., 2007; Park and Federici,
2009). Between the two, strain 2362 is significantly more active against target mosquito
species. It has been suggested that the amino acid replacements at around position 100
(position 99: valine in 2362 and phenylalanine in 2297; position 104: alanine in 2362 and
serine in 2297) in BinA confer the difference in toxicity between the two strains (Berry et
al., 1993). It is also interesting to note that although strain 2362 is more toxic than 2297, the
latter produces larger Bin crystalline inclusions. The mechanisms involved with Bin crystal
synthesis and the factors that influence crystal size have yet to be elucidated. However,
based on recent studies (Park et al., 2009), it is unlikely that post-translational processing,
including proteolysis, is an important determinant of Bin crystal size. More likely, crystal
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size is determined by unknown genes that regulate bin transcription. Two lines of evidence
support this hypothesis. First, additional copies of the b/ operon in strain 2362 correlated
with increased Bin yield and crystal size (Park et al., unpublished data). More importantly,
Park et al. (2009) have shown that strain 2362 contains a 1.6-kb insertion downstream from
the b/n operon, a sequence that is absent at the same position in 2297. The insertion harbors
two potential open reading frames (ORFs) that putatively encode proteins of 6 kDa and 21
kDa (Fig. 3). When a 1.1-kb minimal fragment within the insertion containing the two ORFs
was integrated downstream from the b/n operon in strain 2297, crystal size and yield were
decreased in the recombinant. In fact, the size of the inclusion and yields of BinA and BinB
were similar to that observed in 2362. The influence of the two ORFs and potential
epigenetic effects exerted by the insertion on expression of £/nin 2362 remain to be
resolved.

The relationship between the primary and tertiary structures and toxicity of Bin has received
little attention in comparison to similar studies on crystal (Cry) and cytolytic (Cyt) toxins
produced by various strains of entomopathogenic B. thuringiensis (Pigott and Ellar, 2007).
Although much remains to be learned, site-directed mutagenesis of BinA showed that
replacements of a cysteine residue at position 195 with either serine or alanine significantly
reduced mosquitocidal activity, whereas replacements of cysteines at positions 31 and 47
completely abolished toxicity against Cx. quinquefasciatus larvae (Promdonkoy et al.,
2008). These mutations, however, did not affect the production of BinA, and all 3 cysteine
residues were not involved in disulfide bridges within the BinA molecule. In another study,
replacements of selected charged residues in BinA (arginines at positions 97 and 101, and
glutamate at positions 98 and 114) with alanine did not affect toxin yield (Sanitt et al.,
2008). However, the replacement at position 97 resulted in complete loss of mosquitocidal
activity, and replacements at positions 101, 98 and 114 resulted in significant reduction in
toxicity against Cx. quinquefasciatus larvae.

Several mosquitocidal strains of B. sphaericus are known to produce another class of
mosquitocidal proteins called Mtx (mosquitocidal toxin). These proteins are unrelated to
BinA and BinB (Charles et al., 1996; Federici et al., 2007; Park and Federici, 2009). At
present, three categories of Mtx have been described, Mtx1 (~100 kDa), Mtx2 (~31 kDa)
and Mtx3 (~36 kDa). The amino-terminal of these toxins contains short leader signal peptide
sequences that are characteristic in many proteins encoded by Gram-positive bacteria
(Thanabalu et al., 1991; Liu et al., 1996; Thanabalu and Porter, 1996). Mtx proteins are
soluble toxins that are synthesized during vegetative growth, and unlike Cry and Cyt
proteins of B. thuringiensis, do not form crystalline inclusions during sporulation. Once
synthesized in wild type B. sphaericus, Mtx proteins are rapidly degraded by cellular
proteases, and as a result, they contribute very little to mosquitocidal activity in wild type
strains. Increased yields and improved toxicities of Mtx proteins against target mosquito
have been achieved by heterologous expression of mix genes and synthesis of the toxins in
Escherichia coli or protease-deficient recombinant B. sphaericus (Thanabalu and Porter,
1995; Wirth et al., 2007). Bioassay results using Mtx1 and Bin produced in £. coliand B.
thuringiensis, respectively, showed that against Cx. quinquefasciatus, Mtx1 incurs
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significantly higher pupal mortality and abnormal pupal emergence when compared with
Bin (Wei et al., 2006).

X-Ray crystallographic studies on the catalytic domain of Mtx1 linked by 44 residues in its
carboxyl-terminus to four ricin B-like domains revealed that the crystallized fragment has
structural characteristics similar to ADP-ribosylating enzymes, and that the cleavage site for
toxin activation is in a highly mobile loop that is exposed in the monomer (Reinert et al.,
2006). More recently, the crystal structure of full-length Mtx1 toxin was determined by the
molecular replacement method (Treiber et al., 2008). In this study, Mtx1 was produced as a
single polypeptide chain of 870 residues consisting of the putative signal sequence (residues
1-29), a catalytic domain (residues 30-264), a linker (265-295) and the remaining 575
residues (Fig. 4) (Thanabalu et al., 1992; 1993; Reinert et al., 2006; Treiber et al., 2008).
Structural analysis revealed that the complete chain consisted of four ricin B-type domains
curling around the catalytic domain in a hedgehog-like assembly. In addition, the amino acid
sequences of the 12 putative sugar-binding sites revealed a structural and functional
relationship to piericin, a glycolipophilic cytotoxin (Carpusca et al., 2006). Therefore, it is
possible that with the binding of Mtx to glycolipids, and/or following endocytosis and its
subsequent exposure to low pH in late endosomes, the hedgehog structure could uncurl to
form a string of domains where the seven amino-terminal segments then enter into the
membrane and cause the translocation of the catalytic domain into the cytosol (Hazes and
Read, 1997).

In a recent study, sequence analyses of B. sphaericus strains IAB59 and NHA15b identified
a previously undescribed type of two-component toxin (Jones et al., 2007). One subunit,
Cry48Aal, is related to the three-domain Cry toxins of B. thuringiensis (Jones et al., 2007;
Pigott and Ellar, 2007). Interestingly, the mosquitocidal activity of Cry48Aal is dependent
on the presence of Cry49Aal, a second accessory protein that is related to both the Bin toxin
of B. sphaericusand Cry35 and Cry36 of B. thuringiensis. Heterologous expression of
cryd48Aal and cry49Aal in the acrystalliferous 4Q7 strain of B. thuringiensis subsp.
Israelensis using the robust cyt1A-p/STAB promoter system developed by Park et al. (1999)
or its own promoter, respectively, resulted in the synthesis of small bipyramidal (Cry48Aal)
and amorphous (Cry49Aal) crystalline inclusions (Fig. 5). Although purified Cry48Aal/
Cry49Aal proteins showed high mosquitocidal activity against Cx. quinquefasciatus, wild
type B. sphaericus strains producing these toxins were less virulent, presumably due to a low
level of Cry48Aal produced in native strains. Investigations on target specificities of this
new binary toxin showed that it is not active against other species of mosquitoes, such as
Aedes and Angpheles, and coleopterous and lepidopterous insects (Jones et al., 2008).

Resistance and receptors

Interactions among the multiple toxins of B. thuringiensis subsp. israelensis and their
respective receptors explain the high potency of this strain against target mosquito species,
and it is likely that these multiple intermolecular interactions are the major reason for the
absence of resistance to B. thuringiensis subsp. /sraelensisin field populations (Federici et
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al., 2007; Park and Federici, 2009). Unlike B. thuringiensis subsp. israelensis, B. sphaericus
produces only the Bin crystalline inclusion, the primary active ingredient in commercial
formulations. For this reason, resistance to B. sphaericus in field populations of Culex
mosquitoes, including very high levels of resistance in China and Thailand, has been
reported from several countries (Rao et al., 1995; Silva-Filha et al., 1995; Yuan et al., 2000;
Nielsen-LeRoux et al., 2002; Su and Mulla, 2004).

The mechanisms of resistance to Bin have been elucidated over the past decade since the
receptor for the toxin was identified. In Culex pipiens, the receptor (Cpm1) for Bin is a 60-
kDa midgut brush border membrane protein (Silva-Filha et al., 1999). Cpm1 is anchored in
the mosquito midgut membrane by its linkage to glycosyl-phosphatidylinositol (GPI), and is
partially released by phosphatidylinositol specific-phospholipase (PI-PLC). Cloning and
sequencing of cpm1 indicated that the open reading frame encodes a predicted peptide of
580 residues with a putative signal peptide in the amino-terminus and a putative GPI-
anchoring signal in the carboxyl-terminus (Darboux et al., 2001). The deduced amino acid
sequence of the cloned cpomI gene showed 39-43% identities with insect maltases (a.-
glucosidases and a-amylases). Recombinant Cpm1 produced in £. colispecifically bound
the Bin toxin and had a-glucosidase activity but no a-amylase activity. In addition, in
separate studies, it was demonstrated that Types 1 and 2 Bin toxins produced by B.
sphaericus |IAM59 and 2362, respectively, share a binding site in the midgut brush border
membrane of Cx. pipiens larvae (Silva-Filha et al., 2004). More recently, gene orthologues
encoding the Bin toxin receptor were cloned from a malaria-vector, Anopheles gambiae
(Agm?3) and the Bin-resistant species, Aedes aegypti (Opota et al., 2008). Comparison of
these two genes with ¢om1 showed that all three share a very similar organization and are
strongly conserved at the amino acid level, in particular in the amino-terminus, a region
believed to contain the ligand binding site. The structural similarities of the Cpm1
orthologues (Fig. 6) suggest that relatively few amino acids residues are critical for high
affinity binding of the toxin.

The ¢pm1 gene from the Bin-resistant Cx. pipiens (comlggp) was also cloned and
compared with ¢cpm1. Sequence alignment revealed that com1sgp differed from cmpI by
seven mutations. Six of these mutations were mis-sense mutations that led to the following
amino acid replacements: alanine at position 95 to aspartate, lysine at position 115 to
methionine, glutamate at position 178 to threonine, aspartate at position 230 to histidine,
asparagine at position 265 to aspartate, and leucine at position 486 to methionine. The
seventh mutation at position 569 converted the codon for leucine to a stop codon resulting in
the shortening of the hydrophobic tail of Cpm1 and preventing the processing of this protein
and its subsequent attachment to the midgut membrane. The toxin binding site was
unaffected by the mutation (Darboux et al., 2002). In an independent study, the gene
encoding the Cx. quinquefasciatus Bin toxin receptor, cgm1 was cloned (Roméo et al.,
2006), and the deduced amino acid sequence confirmed its identity as an a-glucosidase,
similar to cpm1. However, unlike com1gep, analysis of the corresponding gene sequence
from resistant larvae (cgm1pgec) implicated a 19-nucleotide deletion as the basis for
resistance. Furthermore, another novel mechanism of resistance to the Bin toxin in a natural
population of Cx. pipiens was elucidated by Darboux et al. (2007). In this study, it was
shown that the insertion of a transposable-like DNA element into the coding sequence of the
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midgut toxin receptor induces a new mRNA splicing event, unmasking cryptic donor and
acceptor sites located in the host gene. The creation of the new intron causes the expression
of an altered membrane protein, which is incapable of interacting with the toxin, thus
providing the host with an advantageous phenotype. In another study, resistance in non-
treated and B. sphaericus-treated field populations of Cx. quinguefasciatus was assessed
through bioassays as well as a specific PCR assay designed to detect the cgmIggcallele in
individual larvae (Chalegre et al., 2009). The results indicated that the cgm1pecallele was
present at a detectable frequency in non-treated populations, while the higher frequency in
samples from the treated area may be correlated with exposure to B. sphaericus.

Midgut cells from Cx. quinguefasciatus larvae resistant to the Bin and Cry48Aal/Cry49Aal
toxins were also observed using transmission electron microscopy (de Melo et al., 2008;
2009). These columnar epithelial cells were characterized by pronounced production of lipid
inclusions throughout the 4™ instar. At the end of this stage, resistant larvae were larger in
size and had an increased number of inclusions in the midgut cells when compared to those
observed in cells from susceptible larvae. The morphological differences in midgut cells of
resistant larvae suggested that the lack of the Cqm1 receptor, also an a-glucosidase, could
be correlated to changes in cellular metabolism. The cytopathological alterations observed in
cells of susceptible larvae treated with a lethal concentration of toxin included breakdown of
the endoplasmic reticulum, mitochondrial swelling, and microvillar disruption and
vacuolization. Some of these effects were observed in cells from resistant larvae, although
those alterations did not lead to larval death, indicating that Cgm1 is essential to mediate the
larvicidal action of the toxin.

A series of mosquito bioassays using recombinant Mtx1 and Bin produced in £. coliand B.
thuringiensis, respectively, showed that Mtx1 has moderate toxicity against Aedes albopictus
and high toxicity against both susceptible and Bin-resistant Cx. quinquefasciatus, suggesting
that Mtx1 has a different mode of action than Bin and lacks cross-resistance to B.
Sphaericus-resistant Cx. quinquefasciatus (Wei et al., 2007).

Synergism and resistance management

As resistance in field population of mosquitoes is more likely to develop against Bin when
compared to the Cry and Cyt multi-toxin components in B. thuringiensis subsp. israelensis,
much interest has been focused on developing strategies to prevent or delay the onset of
resistance to B. sphaericus in these insects and/or to confer Bin toxicity on more naturally
resistant species, including Aedes species. To this end, Wirth et al. (2000a) have reported
that Cyt1Aa, a detergent-like lipophilic membrane-binding protein (Manceva et al., 2005)
from B. thuringiensis subsp. israelensis, synergizes the activity of B. sphaericus against Ae.
aegypti, a mosquito species highly refractive to B. sphaericus (Wirth et al., 2000a). In this
study, a ratio of 10:1 of B. sphaericus/Cyt1Aa was 3,600-fold more toxic to Ae. aegyptithan
when B. sphaericus was used alone. Similarly, two other Cyt toxins, Cyt1Ab from B.
thuringiensis subsp. medellinand Cyt2Ba from B. thuringiensis subsp. israelensis also
synergized B. sphaericus activity against Ae. aegypti (Wirth et al., 2001). More importantly,
when used in combination with B. sphaericus, Cyt1Aa was shown to reestablish activity of
Bin against B. sphaericus-resistant Cx. quinquefasciatus (Wirth et al., 2000b). A
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combination of B. sphaericus 2362 in a 10:1 ratio with a strain of B. thuringiensis subsp.
Israelensis that only produces CytlAa reduced resistance in Cx. quinquefasciatus by more
than 30,000 fold, indicating a synergistic interaction between Cyt1A and Bin. Significant
levels (from 883-fold to 59,000-fold) of reduction in resistance using different Cry
combinations and/or crystal-spore preparations of B. thuringiensis subsp. israelensis and B.
Sphaericus against B. sphaericus-resistant Cx. quinquefasciatus and Ae. aegypti have also
been observed (Wirth et al., 2004).

Wirth et al. (2007) have also established that synergism occurs between B. sphaericus and
Mtx1 or Mtx2 produced in £. coli and that Mtx toxins, like Cyt1A which also enhances
Mtx1 activity (Zhang et al., 2006), could mask resistance in B. sphaericus-resistant mosquito
larvae. Therefore the combined results reported by Wirth et al. (2000a; 2004; 2007) and
Zhang et al. (2006) provide foundational principles for the applied use of Cyt1A, Cry, Cyt,
and Mtx toxins in managing resistance to B. sphaericus in field population of mosquitoes.

Recombinant strains

The development of recombinant strains of B. sphaericus with improved efficacy and built-
in mechanisms to prevent resistance in the field is of critical importance for continued
success and applied use of this bacterium. The main strategy for this purpose is to introduce
other genes including mtx, cry and cytinto wild-type strains of B. sphaericus that could
synergize bin. For example, when synthesis of Mtx1 from B. sphaericus was redirected to
the sporulation phase of growth by replacing its weak native promoter with the strong
sporulation promoter of the binoperon (Yang et al., 2007), the recombinant strain displayed
toxicity during early sporulation, but this declined rapidly in later stages. Protease inhibition
studies showed that the decline in Mtx1 was due to the serine proteinase, sphericase (Yang et
al., 2007). Mutant Mtx1 protein lacking the susceptible site was expressed in a recombinant
strain in an attempt to overcome destructive cleavage while remaining capable of proteolytic
activation. However, the apparently broad specificity of sphericase seems to make this
impossible (Yang et al., 2007). The instability of Mtx2 when exposed to sphericase or
culture supernatants was also observed (Yang et al., 2007). Thus, the exploitation of Mtx
toxins may, therefore, be greatly limited by their susceptibility to proteases produced by the
host bacterium and their inability to from stable crystalline inclusions.

The co-synthesis of Cry and Bin proteins has also been explored for creating more virulent
strains of B. sphaericus, but with little success (Yang et al., 2007). Random mutations of the
receptor binding loops of the Cry1Aa toxin, in contrast, allowed production of significant
levels of spore-associated protein in the form of parasporal inclusions (Yang et al., 2007).
Finally, as Cyt1A is known to synergize Bin and restore sensitivity to this toxin in Bin-
resistant mosquito larvae (Wirth et al., 2000a; 2000b), we have attempted to produce Cyt1A
in B. sphaericus strains 2362 and 2297 with the intent of developing strains that are less
susceptible to resistance in the field, but have been unsuccessful in this endeavor (Park et al.,
unpublished data).

Finally, expression of the c/iAC chitinase gene from B. thuringiensisin B. sphaericus 2297
using the bin operon promoter yielded a recombinant strain that was 4,297-fold more toxic
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than strain 2297 against resistant Cx. quinquefasciatus (Cai et al., 2007). These results show
that chitinase can synergize the toxicity of Bin and thus may be useful in managing larval
resistance to B. sphaericus.

Sphaericolysin, a non-mosquitocidal toxin produced by Bacullus
sphaericus

Although B. sphaericusis an established pathogen of mosquitoes, a recent report has
demonstrated that a strain isolated from ant lion (Myrmeleon borfe) larvae produces a novel
insecticidal toxin unrelated to Bin and Mtx (Nishiwaki et al., 2007). This novel hemolytic
toxin, called sphaericolysin, has a molecular mass of 53 kDa and its activity results from the
protein’s pore-forming action (Fig. 7). When injected, sphaericolysin is highly active against
the German cockroach (Blattella germanica). Interestingly, when co-injected with
cholesterol, the toxicity of sphaericolysin was abolished, suggesting that cholesterol binding
plays an important role in moderating the insecticidal activity of the hemolysin (Nishiwaki
et al., 2007).

Other characterized non-lethal genes in Bacillus sphaericus

Until recently, few genes in B. sphaericus were characterized. As such, very little is known
about the major genetic differences that distinguish the 5 known DNA groups and 49 known
serotypes of B. sphaericus. However, the recent report of the complete genome sequence of
strain C3-41 (Hu et al., 2008a) that like strains 2362 and 1593 belongs to the flagellar
serotype H5a5b (Yuan et al., 2001) could provide a foundation for understanding the
molecular basis for their high virulence against mosquito larvae. Moreover, the sequence
data will undoubtedly expose strategies to genetically manipulate strains to generate even
more highly efficacious larvicides for applied use. For example, the genome sequence of
C3-41 has revealed that this asaccharolytic strain lacks genes that code for enzymes involved
in sugar transport systems, thus relying on alternative pathways, such as metabolism of
amino acids and other organics beside sugars, for its propagation. Whether engineering
genes involved in sugar transport or other pathways lacking in B. sphaericus could affect
increases in yield of Bin and other virulence factors remains to be resolved, but nevertheless,
this prospect is intriguing. Moreover, the identification of sporulation-dependent promoters
is of special interest as these cis elements could prove useful for the efficient expression of
heterologous Cry and Cyt crystal toxin genes.

Regardless, the few genes other than 6/ that have been well characterized include a genes
that encode a thermostable DNA polymerase | (po//) (Han et al., 2006) and a glucokinase-
encoding (g/cK) (Han et al., 2007) that was cloned as a part of an effort to elucidate
metabolic pathways of asaccharolytic B. sphaericus. Biochemical analysis of g/cK revealed
that it encodes a protein with a molecular mass of 33 kDa and that the purified recombinant
glucokinase has K, values of 0.52 and 0.31 mM for ATP and glucose, respectively. It has
been shown that this ATP-dependent glucokinase can also phosphorylate fructose and
mannose. Sequence alignment of GlcK indicated that it belongs to Group B of the
hexokinase family of proteins.
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The surface layer (S-layer) protein genes of several B. sphaericus strains have also been
characterized (Bowditch et al., 1989; Ilk et al., 2002; Pollmann et al., 2005; Hu et al.,
2008b). Alignments of S-layer proteins, which are part of the cell envelope commonly found
in bacteria and archaea and constitute from 10-15% of cellular proteins (Engelhardt, 2007),
indicate that mosquitocidal B. sphaericus C3-41 and 2362 strains form a clade (Group 1)
distinct from those of non-mosquitocidal strains (strains CCM2177, P1, NCTC9602 and JG-
Al2) (Group 2) (llk et al., 2002; Pollmann et al., 2005). As the toxicity of B. sphaericus is
optimal with both the spore and Bin crystal combination, it has been suggested that
components in the spore, including the S-layer protein, could contribute to its larvicidal
activity. However, it is unlikely that the S-layer protein is involved in toxicity as it has been
shown that both the truncated amino-terminal peptide and native S-layer protein, synthesized
in E. coli, were not toxic to mosquito larvae (Hu et al., 2008b).

Conclusions

Since the discovery of the first mosquitocidal strain of B. sphaericus and the subsequent
successful implementation of VectoLex®, there have been significant advances in
understanding the molecular basis for Bin’s toxicity and the mechanisms of resistance to this
toxin. The potential for genetically engineering more potent strains that synthesize
combinations of Bin, Mtx, Cry, and Cyt proteins is promising. In this regard, the report of
the first complete genome sequence of B. sphaericus (C3-41) (Hu et al., 2008a) could
provide insights into molecular strategies that could be exploited to promote stable synthesis
and perhaps crystallization of foreign proteins, similar to strategies employed in engineering
highly efficacious B. thuringiensis subsp. israelensis recombinants (Park et al., 2005; 2007a;
2009). Indeed, the acquisition of a superior larvidical B. sphaericus strain with an expanded
range of targets and built-in mechanisms that prevent or delay resistance in field populations
of mosquitoes is desirable. The development and applied use of such a strain could
circumvent current resistance management strategies such as rotating treatments between B.
thuringiensis subsp. israelensis and B. sphaericus (Zahiri et al., 2002), or using formulations
of mixture of the two bacteria, including the most recent product VectoMax® (Valent
BioSciences, Libertyville, IL) developed for commercial use.
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Fig. 1.
Transmission electron micrograph of a fully sporulated Bacillus sphaericus 2362 cell. C,

BinAB crystal; S, spore.

J Asia Pac Entomol. Author manuscript; available in PMC 2017 September 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Park et al.

Page 16

B. sphaericus

4,639, 821 bp

(B)

Fig. 2.

Ci?cular representations of the genome of Bacillus sphaericus C3-41. (A) Chromosome. (B)
Plasmid pBsph. From the inside: circles 1 and 2, GC skew and G+C content (20-kb window
with 5-kb step); circle 3, blue and green bars show positions of tRNA and rRNA,
respectively, and black bars show positions of repeats; circles 4 and 5, CDSs (coding
sequences) on the — and + strands. Colors reflect functional categories of CDSs. Teal,
chromatin structure and dynamics; blue, energy production and conversion; orange, cell
cycle control, cell division, and chromosome partitioning; maroon, amino acid transport and
metabolism; dark blue, nucleotide transport and metabolism; silver, carbohydrate transport
and metabolism; dark green, coenzyme transport and metabolism; dark purple, lipid
transport and metabolism; navy, translation, ribosomal structure, and biogenesis; light
brown, transcription; aqua, replication, recombination, and repair; green, cell wall/
membrane/envelope biogenesis; fuchsia, cell motility; gray, posttranslational modification,
protein turnover, and chaperones; dark yellow, inorganic ion transport and metabolism; dark
blue, secondary metabolite biosynthesis, transport, and catabolism; dark red, general
function prediction only; dark gray, function unknown; lime, signal transduction
mechanisms; yellow, intracellular trafficking, secretion, and vesicular transport; olive,
defense mechanisms; black, not classified by COG. The “0” coordinates marked on the
outmost circles correspond to the putative replication origins, and the putative replication
termination site is located near 2.9 Mb. Hu et al. (2008). Copyright 2008 American Society
for Microbiology.
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Fig. 3.
Schematic illustration of genomic DNA of Bacillus sphaericus strains 2362 and 2297 in the

region of the binoperon. Strain 2362 contains a 1.6-kb fragment downstream from the bin
operon not found in strain 2297. Park et al. (2009). Copyright 2009 American Society for
Microbiology.
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Stgreo view of a ribbon plot of MTXj,gj0. The catalytic domain (blue), the linker (residues
265-295, red) and the four ricin B-like (RBL) domains (cyan, green, yellow and orange) are
color-coded and labeled. The missing residues at the ARTT loop (189-192) and the
activation loop (262-270) are bridged by dotted lines. Loop 117-124 is labeled. Residues
30-70 preceding the common chain fold of ADP-ribosylating enzymes are purple. They are
not tightly fastened to the catalytic domain. The depicted NAD™ molecule was modeled for
MTXcqi but also applies for MTXjqj0. Treiber et al. (2008). Copyright 2008 Elsevier.
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Cry48Aa

Cry49Aa

1pm 1pm

Fig. 5.

Electron micrographs of recombinant protein crystals. Left panel: Cry49Aa crystals; image
taken at x 20,000. Right panel: Cry48Aa crystals; image taken at x15,000. Jones et al.
(2007). Copyright 2007 Federation of American Societies for Experimental Biology
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Alignment of the deduced amino acid sequences of Cpm1 genes in Culex, Anopheles and
Aedes mosquitoes. Identical residues in the alignment are colored in black boxes. Grey
boxes indicate conservative replacements. Dots indicate alignment gaps. GenBank accession
no: Angpheles, EU166335; Culex, AF222024; Aedes, AAEL010537-PA. Opota et al.
(2008). Copyright 2008 Elsevier.
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GATGGTAGACATATCGCACAAAATTAARCATAATAGTTATCATAATAATCATAAGTACATATTATTTGCACAATAARARATGAAACGAARATACTATATITS
ARAATTRTTTTThTATGGTATRATTTCCTHTﬁﬁhhGGhﬁTGGATTTBTI;&GGAATT&AAAAAACRATCARGTTTATATTRTGTTTRTCTRTTAGTTTATG
I K K TIKT FTIULTZGCTLSTIOSTULC
CATTCTRAATTATCCRAGTATTTCATTTGCTGRAACACTTGATACTAATAGTTCTAGTGTRAAhAGCRAATCTGRCATTGRTRCGGGTATAGCAAhCTTGA
I LNYGPS5TISTFA AW TLDTNSSSUVEKSTEKSTDTIDTGTIA ATNTLNKN
ACTACAACAACAGGGARGTACTAGCAGTGAATGGTGACAGAGTTGATAGCTTTGTTCCAARAGAAGGGCTTAACTCCAATGATAAATTTATAGTGGTGGAG
¥y N NREVLAVWNGT DA RVWVDSFV P KESGLWNSNUDIEKZFTIUWVVVE
CGCAATAAGAAATCACTGACAACTTCACCAGTGGATATATCAATTATTGATTCGATGGCGAATCGTACATATCCAGGAGCCCTACAACTTGCCAACCAAGC
R N K K 8 L T T § P VD I § I I D S M A NURTY P G AULOQOTLA ANUGQA
TTTTGTAGACAATCAACCCAACTTATTGGTGGCTAAAAGAAAACCCCTAAATATTAGCATTGATTTACCTGGTATGAARAGAGAAAATACTTTGACTGTTG
F v DN Q PNULIULUVAI KAR RIEKUZPILWNISTIUDLUZ®PGMIEKIEREWNINTTLTVD
ATAATCCARCATATGGTAATGTATCTGGAGCTGTGGATGAGT TAGTATCTACTTGGAGCGAGARATATTCCTCTACACATACTTTACCTGCAAGACTACAA
N P T Y G NV S GAVDETLVSTWS EK K Y S STHTTULUZPA ARILDQGQ
TATTCAGAATCAATGGT TTATAGCAARATCTCAAATAGCAAGCGCTTTGAATGTARACGCCCAAGTTCTCGACAATTCACTGGGAATTGACTTTAATGCGAT

fJ]s e s Mmvysxsor1asALNVNAQVTILDNSTLGITDTFNA.I

TGCGAATGGAGAGAAAAAAGTGATGGTTGCCGCATATAAACAAATTTTTTATACGGTAAGTGCAGAACTGCCTAACAATCCATCAGATCTTTTCGATGATA
A N G E K K VMV A AY K QI F Y TV S A EULPNUNKNWUPSUDTULT FUDTD S
GTGTTGATTTTGCAGAGCTAACTCGTAARAGGGGTAAGCARTGATGCTCCTCCTGTAATGGTGTCGARTGTAGCTTATGGTAGAACAAT TTATGTGARAT TA
vV D FAELTRIEKGV S NUDA AZPZPVMVSNUWVAYGHRTTIYUVIKHTL
GAAACAAGCTCTAAGAGTAAGGATGTACAAGCAGCAT TTAAAGCATTACTGAAGAATGTTAACACGAATGTAGAARCTAGTGCACAATACAAGGATATTTT
E T 5§ § K § K DV Q A A F KAIULIULI KNV VNTWNU WVETSAOQYZ KT DTITFEF
TGAGGAAAGTTCCTTTACCGCTGTAGTATTAGGCGGAGATTCACAARAGCATAATCAAATTGTCTCAAAGGACTTTAATGATATTAGAGAAGTCATTAAAG
E E 8 58 F T AV VLG GD S Q K HWNOGTIUVS KD FWNUDTIUZREUVTIIKTD
ATAATGGAGAATTTAGTCTTAAAAATCCAGCTTATCCAATTTCCTATACAAGTGTTTTCTTAAAGGATCATTCAATTGCTGCTGTTCATAATAATACAGAT
N 6 E F S8 L K NPAY PI S Y TSV FL KU DU H STIAA AV HNINWMNTD
TATATTGAGACGACAGCTACAGAATATTCTAAAGGCAAGATCATCCTTGATCATTATGGTGCATACGT TGCTCAATTTGAAATAGCATGGGACGAATTTTC
Y I ETTATE Y S K KIILDEUVYSGA AYV A OQFETIA AWMWDTETFS
CTATGATGAGAATGGAAATGAAGTATTAACTCATAAAACGTGGGATGGAAACTGGAGAGATAAAACAGCTCATTTTTCTACAGTCATACCGCTTCCGGCTA
Y DENGNUEV LTHI KTWUDGMNWU RDI KT AMHRTFSTWVIUPIULUPA AN
ATTCGAAAAATATAAGAATTTATGCAAGAGAATGTACAGGTCTTGCTTGGGAATGGTGGAGAACGGTTATTGATGAATATAATGTTCCATTGTCTAATGAA
S$ KNI RI Y A REUCTGTULA AMWEM®WW®WU RTVIUDETYNWUWVPILSNE
ATCAAAGTCTCCATTGGAGGAACTACATTATACCCAACAGGCAGTATCGAGTAAGTAGCCGTATATAAAGATAAAGAATTTTTACCTCCTAACAAATTAAT

I K VvV s I 666 7TTUL VY PTG S I E *
GTTAGGAGGTTTTTACGTTTTCAAGTTCTTTCAATAACTGCCCCATGTTCCTTCTTTATTC 1629

Fig. 7.
Nucleotide sequence of the gene encoding the 53-kDa sphaericolysin toxin and its amino

acid sequence deduced from the nucleotide sequence. The underlined sequences were
determined by Edman degradation. The putative Shine-Dalgarno, —10, and —35 sequences
are indicated by the dotted lines. The bold line indicates the putative start codon of the
precursor protein. An arrowhead indicates a possible cleavage point for the signal peptide
that was predicted by employing the neural networks and hidden Markov models trained on
sequences in the gram-positive-bacterium database. The Ndél site is indicated as italic
characters (positions 467 to 472). A point mutation generated at position 159 is enclosed by
a square. Nishiwaki et al. (2007). Copyright 2007 American Society for Microbiology.
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